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Summary 
 
Carbon is a versatile material which is composed of different allotropes, and also come in with 
different structures. Carbon nanofibres (CNFs) is one dimensional carbon nanomaterials, which 
have exhibited superior mechanical properties, great specific area, good electrical conductivity, 
good biocompatibility, and ease of modification. In addition to the lower cost associated to 
compare with carbon nanotubes (CNTs), CNFs have been attracted in numerous applications, 
such as reinforcement materials, filtrations, Li-ion battery, supercapacitor as well as tissue 
engineering, just to list a few. Therefore, it is a great deal to understand the relationship between 
the fabrication conditions and the characteristics of the resulted CNFs. 
 
In this project, electrospun PAN NFs were used as precursor material to fabricate carbon 
nanofibres. In order to produce CNFs with good morphology, the processing parameters of PAN 
nanofibres by electrospinning was optimized toward to the morphology at solution concentration 
of 12 wt%. The optimized processing parameters at given concentration were 16 kV, 14 cm and 
1.5 mL/h, which led to the formation of PAN NFs with average fibre diameter of approximately 
260 nm. Along with the effect of processing parameter study, the effect of concentration on the 
morphology was also carried out at optimized processing parameters. It was found that by 
increasing concentration of PAN solution from 2 to 16%, the resulted PAN transformed from 
beads only, to beaded fibres and finally to smooth fibres. With further increasing concentration 
the morphology of smooth fibres remain with increase in the fibre diameter.  
 
Electrospun PAN NFs with average fibre of 306 nm was selected to be converted into CNFs by 
using standard heating procedures, stabilisation in air at 280 °C and carbonization in N2. The 
effect of carbonization temperature ranging from 500 to 1000 °C was investigated, by using SEM, 
FTIR, Raman, and Impedance spectroscopy. With increasing carbonization temperature from 500 
to 1000 °C, the diameter of NFs was decreased from 260 to 187, associated with loss of almost 
all functional groups of NFs. It was indicated by Raman results, that the graphitic crystallite size 
was increased from 2.62 to 5.24 nm, and the activation energy obtained for this growth was 7570 
J/mol. Furthermore, impedance results (i.e. Cole-Cole plot) revealed that the electrical 
characteristic of CNFs transitioned from being insulating to electrically conducting in nature, 
suggested by the different electrical circuits extracted from Cole-Cole plots with carbonization 
temperature from 500 to 800 °C.  
 
The carbonization on PAN NFs with diameter of ~431nm was carried out by using novel route, 
microwave plasma enhance chemical vapour deposition (MPECVD) process. To compare with 
carbonized PAN NFs by using conventional route, MPECVD was not only able to facilitate 
carbonization process, but more interestingly can form carbon nanowalls (CNWs) grown on the 
surfaces of carbonized PAN NFs. Suggested by the unique morphology, the potential applications 
for the resulted carbon fibrous hybrid materials are supercapacitor electrode material, filtrations, 
and etc., The method developed in this project required one step less, compared with other 
literature. Therefore, using MPECVD on stabilised PAN NFs is proposed as economical, and 
straightforward approach towards mass production of carbon fibrous hybrid materials containing 
CNWs. 
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1 Introduction 
 
The work presented in this thesis is regarding to a preliminary study of synthesis and 
characterisation of various carbon materials, derived from a high molecular weight polymer, 
polyacrylonitrile (PAN). The aim of the project was to investigate the characteristics of the carbon 
materials synthesized from different fabrication methods as well as with various parameters.  
 
PAN was selected as the precursor material throughout the whole project, by taking its privilege 
as the principal precursor for the production of carbon fibres (CFs) around the world. To obtain 
one-dimensional carbon material, carbon fibres, and to further fabricate CFs hybrid material based 
on it; the synthesis of PAN nanofibres (NFs) was prior carried out by using electrospinning 
technique. The detailed information of all the experiments involved in this project was 
documented in Chapter 3.  
 
The main stream of this project was divided into three sections, electrospinning of PAN NFs, 
fabrication of carbon nanofibres (CNFs), and fabrication of CNFs-carbon nanowalls (CNWs) 
hybrid materials. These results were presented and discussed in Chapter 4, 5, and 6. 
Electrospinning is rather versatile technique with great sensitivity to produce material with 
different sizes varied from µm to nm, as well as various shapes, including beads, fibres or the 
combination of both; which all can be controlled by the selection of parameters. In the current 
project, three different types of parameters, processing parameters, solution parameter, and 
collector parameter were investigated. The effect of these three parameters on the morphology 
was discussed in the first section of Chapter 4. To explore the characteristics of PAN derived 
CNFs, electrospun PAN NFs with optimized processing parameters at concentration of 14% was 
later heated treated by oxidative stabilisation in air and followed with subsequent carbonization 
in N2. The effect of carbonization temperature from 500 to 1000°C on morphology, functional 
groups, chemical structure, crystallinity and electrical characteristics was elucidated in Chapter 5. 
19 
 
The discussion on the fabrication of CNFs-CNWs hybrid materials from oxidative stabilized PAN 
NFs by using microwave plasma enhanced chemical vapour deposition (MPECVD), which was 
presented at Chapter 6. In this section, the morphology and possible growth mechanism of CNWs 
on the CNFs were discussed.  
 
Finally, the conclusions of all the findings from these three set of experiments were summarized 
in Chapter 7. In the same chapter, the recommendations on the future work of this project were 
also given.  
  
20 
 
2 Literature review 
 
 Fundamentals of Electrospinning 
Inspired by Formalas, who published the first patent with the description of utilizing electrostatic 
repulsion to produce polymer filaments in 1934 [1], there has been a growth of interests over the 
years in using this electrostatic force driven process to fabricate thin fibres. Until early 1990s, this 
process was named as electrospinning [2]. Up to date, there are more than 50 types of organic 
polymer that have been electrospun into continuous fibres with diameter ranging from 40 to 2000 
nm [2-4]. To demonstrate the finesse of the fibre produced by electrospinning technique, a SEM 
image of electrospun polyvinyl alcohol (PVA) fibres next to a human hair is presented in Figure 
2.1 [5].  
 
 
Figure 2.1 SEM image of a human hair and electrospun PVA fibres [5]. 
 
Besides its capability of producing polymer fibres with extremely small diameter at nanoscale, a 
large variety of morphologies and flexible selection of materials have made electrospinning a 
widely used technique in many university research labs as well as in industries [5, 6]. Figure 2.2 
gives an overview of research aspects on electrospun polymeric NFs [7].  
21 
 
Figure 2.2 Overview of research aspects on electrospun polymeric NFs. The pie chart is 
redrawn from reference [7]. 
 
The basic setup of electrospinning is relatively simple, and is shown in Figure 2.3. The prepared 
polymer melt or solution is loaded into a syringe, in which the solution is delivered at a fixed rate, 
which is normally controlled by the syringe pump. To enable the fibre ejection travelled from the 
needle tip to the collector, the electrical field is introduced at given desired distance between the 
needle tip and the collector, which are respectively connected to a high voltage supply, and ground 
electrode. Once the charge with the same polarity is introduced to the solution drop at needle tip, 
the like charges are accumulated on the surface of the electrified solution drop, and causing a 
competition between the surface tension of the solution drop and electrical forces. As soon as the 
induced electrical forces surpass the surface tension, the solution drop is changed from 
hemispherical into conical, known as Taylor cone. This name was originated from the early 
research in 1969 conducted by Sir Taylor, who determined the semi-vertical angle (α) of Taylor 
cone to be 49.3° from the jet produced from the droplet of polymer solution [8]. In more recent 
publications, Taylor cone α equal to 33.5° and 50° were reported [9-12]. The fibre ejection is 
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initiated at the tip of Taylor cone, and is finally collected on the collector after undergone 
stretching and whipping process [13].  
 
 
Figure 2.3 Schematic diagram of electrospinning setup with zoom-in image of a semi-
vertical angle (α) of Taylor cone. 
 
The initiation of electrospinning setup appears to be simple and straightforward, as described 
briefly as above. However, understanding the fundamentals can be rather difficult and still is 
remained as a great challenging. As indicated in Figure 2.2, the major efforts are being focused 
on the tailoring of desirable morphology and structure with exceptional properties, and gaining 
the understanding on the jet formation and setup of electrospinning. The former effort is essential 
in the advancement of application performance, whereas the latter contributes to the scientific 
understanding which reinforces the former one.  
 
From a viewpoint of scientific understanding, electrospinning mechanism involves an extremely 
complex interaction among of a few physical topics, such as surfaces, shapes, rheology and 
electrical charges [14]. As described by Reneker and Chun, a stable electrospinning has four 
distinct regions, base, jet, envelope and collector [2]. The base is the region where the initiation 
of fibre ejection occurs. This only happens when the induced electrical forces given by the high 
23 
 
voltage supply reach or be greater than the threshold value, Vc, with respect to the surface tension, 
which can be approximated by using Equation 2.1 [15]. 
 
𝑉𝑐
2 = 4 (
𝐻2
𝐿2
) (ln
2𝐿
𝑅
− 1.5) (0.117𝜋𝑅𝛾)   Equation 2.1 
 
Where Vc represents the threshold value with unit of kV, H is the tip-to-collector distance (TCD) 
in cm, L and R represent the length and outer radius of the needle with unit of cm, and γ is the 
surface tension of polymeric solution with unit of dyn/cm.  
 
The jet region and envelope region are the regions define the trajectory path of the fibre ejection, 
and in turns to decide the morphology of the electrospun fibre. The main role of these two regions 
is for fibre jet thinning. In 1996, the conical envelope region in Figure 2.4(a) within the needle 
TCD was thought to be the result of splitting of a single jet into many thinner jets, called splaying. 
Five years later, using high-speed camera has revealed that the envelope region is in fact being a 
single jet with high frequency of whipping and bending, and is shown in Figure 2.4(b) [16]. 
Although splitting into thinner jets still occurs in some cases, getting the true image of conical 
envelope region has ruled out the splaying of being the dominant process during the 
electrospinning [16].  
Figure 2.4 Photographs of fibre ejection trajectory of polyethylene oxide solution during 
electrospinning, captured with two different scales: (a) 1/250 s, and (b) 18 ns [16].  
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Figure 2.5 demonstrates the fibre ejection trajectory under the influence of the bending instability 
[14, 17]. 
 
Figure 2.5 Schematic diagram of bending instabilities developed during the fibre ejection 
of electrospinning [14, 17]. 
 
 Effect of Parameters 
A large diversity of the morphology offered by electrospinning made it a very exciting technique 
to work with [18]. However, such great flexibility in generating various morphologies is in fact 
gifted from its high sensitively, which sometimes lead to the undesired morphology towards to 
its designated applications. In order to fully utilise benefits of electrospinning while avoiding the 
associated potential shortcomings, a tremendous amount of work regarding to the investigation 
of effect of many parameters of electrospinning on the resulted morphology were carried out. In 
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the following subsections, a few major parameters of electrospinning were reviewed. To pursue 
more comprehensive reviews, the relevant information can be found in the following references 
[5, 6, 19-22]. 
 
2.2.1 Processing Parameters 
In many literature, processing parameters is a collective name for three individual parameters: 
voltage, TCD and flow rate (Q), respectively [23-28]. Among all parameters that affect the 
morphology of resulted electrospun fibres, the processing parameters are probably the most 
significant ones based on the working mechanism of electrospinning. It is well known that the 
fibre ejection occurs when the surface tension of the solution is overcome by the induced electrical 
forces [13]. Deitzel et al. reported that the critical voltage for the jet initiation from 7 wt% PEO 
solution was 5.5 kV [29]. At this condition, the electric current associated with the electrospinning 
was measured to be approximately 10 nA and the resulted fibres were bead-free [29]. As the 
voltage increased to 7 or 9 kV, the bead density was increased significantly and this observation 
was more pronounced at higher voltage values [29]. The electric current measured at voltage 7 
and 9 kV were ~60 and ~180 nA, respectively [29]. In their experiment, they demonstrated the 
strong electric current dependence on voltage [29]. In addition, they noticed that once the voltage 
applied on system was above the critical voltage the bead density was increased significantly by 
increasing voltage from 5.5 to 9 kV [29]. Furthermore, they suggested that the increase of bead 
density was a result of increasing instability of the electrospinning system, which can be reduced 
by tuning other two processing parameters, TCD and Q [29]. Similar observation was reported 
by Jalili et al. by electrospinning of 15 wt% PAN solution [23]. By increasing voltage from 9 to 
12 kV while maintaining TCD of 15 cm and Q of 2 mL/h constant, it was found that the smooth 
fibres changed into beaded ones [23]. In addition, they noticed that the solution drop suspended 
on the needle tip was changed along with changing voltage [23]. In the case of smooth fibres, the 
jet was ejected from the stable Taylor cone originated from the needle tip in the voltage range of 
9-10 kV [23]. Whereas for these beaded fibres formed at high voltages from 11 to 12 kV, the 
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volume of the solution drop suspended on the needle tip was greatly reduced, and causing the jet 
ejected from the liquid surface within the needle tip [23]. For the observation described as above, 
it was explained as the mass imbalance caused by the increased voltage, in terms of the rate of 
the solution on the needle tip consumed quicker than that of was delivery to the needle tip [23, 
29]. Fang et al. electrospun 7 wt% PAN solution into an ethanol bath for rapid solidifying the 
resulted fibres  [30]. By increasing TCD from 2 to 10 cm while voltage and Q were fixed at 18 
kV and 1 mL/h, the resulted polyacrylonitrile (PAN) nanofibres (NFs) were changed from beaded 
into bead-free ones [30]. In addition, the resulted fibre diameter was generally decreased with 
increasing TCD [30]. Wang et al. attempted to study the effect of Q on fibre diameter of PAN 
NFs, electrospun from various PAN solution concentrations, ranging from 5.1 to 20.3 wt% [31]. 
They found that with increasing Q from 0.5 to 6 mL/h the fibre diameter was increased for all the 
above mentioned PAN solution concentrations [31]. A different result was reported by Liu and 
Adanur, who studied the effect of Q on fibre diameter from 10 wt% PAN solution [26]. According 
to their results, no significant impact from increasing Q was observed on the resulted PAN NFs 
[26]. However, they mentioned that the difference between the smallest and largest fibre diameter 
obtained within this Q range was 82 nm [26]. 
 
2.2.2 Solution Parameters 
Solution parameters are another group of interesting parameters that affect the morphology in its 
own unique way. In general, solution parameters can include polymer type, polymer 
concentration, viscosity, solution conductivity, molecular weight of polymer, and surface tension 
[18, 25, 28, 31-33]. One of the most well researched solution parameters is solution concentration 
[18, 25, 31, 34]. Lee et al. specifically studied the effect of polystyrene (PS) solution 
concentration on the aspect ratio of bead [25]. The aspect ratio of the bead was defined as the 
ratio of bead length along the fibre axis to the one perpendicular to the fibre axis [25]. They found 
that the aspect ratio of the beads increased continuously with increasing concentration from 7 to 
13 wt%, which led the beaded fibres to be smooth fibres [25]. Fong et al. studied the concentration 
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effect of poly(ethylene oxide) (PEO) on the morphology of the resulted fibres [18], as shown in 
Figure 2.6. It can be clearly seen that the diameter of the beads decreased with increasing solution 
viscosity from 13 to 1835 centipoise [18]. It was not only the morphology of the bead changed 
from spherical to spindle-like shape, then to bead-free fibres; but also the fibre diameter was 
increased from ~80 to 250 nm [18]. Demir et al. observed that the polyurethane fibre diameter 
was increased significantly by increasing concentration from 3.8 to 12.8wt% [24]. Based on these 
results, they noticed that the relationship between the diameter (d) and concentration obeyed the 
following relation 𝑑 ∝ concentration (𝐶) [24]. It seems that even by using different polymer 
solution, it is always that by increasing concentration the diameter of the fibres resulted in a larger 
diameter. However, the relationship between the d and C may vary with different polymer. He et 
al. found that the PAN fibre followed linear relationship between fibre diameter and solution 
concentration (i.e. 9-18 wt %) [35]. In addition, they also established the relationship between 
viscosity (η) and C, which was η ∝ 𝐶6 [35]. 
 
 
28 
 
Figure 2.6 Morphology transformation of PEO electrospun fibres induced by increasing 
viscosity of PEO solution [18]. 
 
When it comes to fabricate of composite fibres by using electrospinning technique, the 
compatibility between the polymer solution and dispersed phase is quite important. Ko et al. 
attempted to prepared two type of polymer composite fibres with addition of purified single wall 
carbon nanotubes (SWNTs) [33]. They found the SWNTs only aligned well within PAN polymer 
matrix as shown in Figure 2.7, whereas using polylatic acid (PLA) solution led to the serve 
agglomeration within the electrospun PLA fibres [33]. They explained that the difference 
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appeared between two polymer matrix was partially due to their different conductivity and wetting 
ability [33]. 
 
 
Figure 2.7 Electrospun PAN NFs with SWNTs well aligned within the fibre matrix [33].  
 
To fabricate composite nanofibres by using electrospinning, besides SWNTs were used as 
dispersing material, nanodiamonds (NDs) in powder form were also employed. Behler et al. 
introduced NDs into PAN fibres with concentration of NDs ranging from 0 to 90 wt% in a 8 wt% 
PAN solution [32]. According to their measurements, the PAN fibre diameter was decreased from 
32 to 15 nm with increasing the concentration of NDs from 0 to 17 wt% [32]. With further 
increasing the concentration of NDs to 20-60 wt%, both the size and the number of the beads 
were increased [32]. Figure 2.8 shows the electrospun PAN fibres with the addition of 10 wt% 
NDs. The resulted fibres exhibited relatively smooth fibres with few beads [32]. Although there 
were some minor agglomerations of NDs can be seen in Figure 2.8, this might be still so far the 
thinnest PAN fibres with least agglomeration at this given conditions [32]. 
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Figure 2.8 (a) SEM image of PAN nanofibres fabricated from 8 wt% PAN solution with 
addition of 10 wt% NDs; (b) TEM image of single NDs loaded PAN nanofibres with 
highlight of NDs location [32]. 
 
To obtain interesting morphology besides from adding additives into the polymer matrix solution, 
as the ones explained in the above, changing the solvent or humidity might be as well create 
enough difference. Bognitzki et al. selected dichloromethane with very high vapour pressure as a 
solvent to produce electrospun fibres from three different polymers [36]. One of which was a 
partially crystalline poly-L-lactide (PLLA); and the other two were amorphous polymers, 
polycarbonate (PC) and polyvinylecarbazole [36]. As presented in Figure 2.9, the resulted fibres 
exhibited many pores on the surface [36]. They suggested that the pore formation was due to the 
rapid phase separation [36]. The locations where pores appeared were solvent rich area, hence 
became pores during the electrospinning process [36]. The pore structures were also observed in 
amorphous polymers, which showed pores with circular shape instead of elongated, and also the 
distribution of the pore size was narrower [36]. Furthermore, they reported that by replacing 
dichloromethane with chloroform which has lower vapour pressure, the tendency of the pore 
formation on the resulted fibres was remarkably decreased [36].   
31 
 
 
Figure 2.9 Electrospun PLLA fibres electrospun from dichloromethane solvent with a 
high vapour pressure  [36]. 
 
2.2.3 Ambient Parameters 
Apparently, applying solvent with high vapour pressure was is not the only solution to obtain 
fibres with pores. Casper et al. studied the effect of humidity on the morphology of electrospun 
PS fibres [37]. They carried out their experiment in five humidity ranges: < 25%, 31-38%, 40-
45%, 50-59%, 66-72%, respectively [37]. At humidity level below 25%, the surface of the 
resulted fibres were ordinary with no special features [37]. By increasing humidity level to higher, 
not just the number of the pores increased, the range of the pore size and the size of the most 
frequent pores were increased [37]. On the other hand, Baumgarten investigated the 
environmental effect on the electrospinning of PAN fibres [27]. He indicated that the normal 
humidity level for electrospinning of PAN in air was 30-40% [27]. By dropping humidity down 
to less than 5%, the electrospinning was disabled within 1-2min because of solution drying out at 
the needle tip [27]. By elevating humidity level to be greater than 60%, the collected fibres were 
tangled and considered to be wet [27]. In addition, he found that electrospinning of PAN fibres in 
helium environment was not possible [27]. Because at voltage of 2.5 kv, the gas was found 
breaking down electrically [27]. 
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Electrospinning technique is a highly sensitive technique. Temperature is also considered as one 
of the ambient parameters that can cause the difference in the electrospinning process, hence the 
morphology of the resulted fibres [38]. Wang et al. applied a jacket type exchanger to control the 
temperature of the 12 wt% PAN solution during the electrospinning process [38]. They found by 
increasing solution temperature from 32.2 to 88.7 °C, the straight segment of the jet was decreased 
from 12.29 to 2.34 mm [38]. The diameter of the PAN fibres was decreased from approximately 
of 1064 to 463 nm [38]. They attributed the diameter reduction to the combining effect of 
decreased surface tension and viscosity, and increased electrical conductivity, which was induced 
by increasing temperature [38].  
 
2.2.4 Needle Type 
Wang et al. also investigated the effect of needle size on the electrospinning process and the 
resulted fibre diameter of PAN nanofibres [38]. During this experiment, the PAN solution with 
concentration of 8 % was applied and was maintained at room temperature [38]. By increasing 
needle inner diameter from 0.31 to 2.16 mm, the straight segment of jet was increased from 2.42 
to 7 mm, while the resulted PAN fibred was increased from approximately of 256 to 502 nm [38]. 
Kizildag et al. found similar impact on the fibre diameter of electrospun silk fibroin NFs brought 
by increasing needle size from 0.7 to 1.25 mm [39]. However, the increase in terms of silk fibroin 
NFs was small, and the difference between two ends was ~10 nm [39].   
 
In more recent years, coaxial needle was attracted lots of attentions due to the capability of 
engineering nanofibres with hierarchical structures in a simple way. As illustrated in Figure 
2.10(a), two different materials can be introduced into an inner and outer capillaries at the same 
time, the electrospun fibres end up with a structure containing core material surrounded by the 
shell material [40, 41]. Saraf et al. fabricated electrospun fibres with core material of 
poly(ethylene) (PEG) and shell material of poly(ε-caprolactone) (PCL) by using coaxial 
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electrospinning technique [41]. The resulted fibres with two different colour under the confocal 
microscopy, indicating red as shell material, mainly PCL, while green represented core material 
of PEG [41]. They found that the diameter of the coaxial fibres was increased as the concentration 
of shell material increased [41]. The shell material also showed a strong influence on the diameter 
of core fibre [41]. Furthermore, similar to the single polymer-solvent electrospinning technique, 
the concentration of core material showed positive impact on the diameter of the core fibres [41]. 
 
Figure 2.10 (a) schematic diagram of coaxial electrospinning setup at needle part [40], (b) 
the electrospun fibres with core-shell structure produced from coaxial electrospinning 
[41]. 
 
2.2.5 Collector 
In most cases, the deposition of electrospun fibres are happened on conducting collectors. To 
explore if the collector material show any impact on the morphology of the electrospun fibres, 
Liu and Hsieh electrospun cellulose acetate (CA) fibres on four different collector materials: 
copper mesh, aluminium (Al) foil, paper and water [42]. Liu and Hsieh noticed that the 
electrospun fibre packing was affected by the electrical conductivity of the collector [42]. In the 
case of conductive collectors, the charges carried by fibres were easier dissipated, hence tighter 
packing of fibres on the collectors [42]. As oppose to conductive collectors, the static charge tend 
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to accumulate on the insulator surface [42]. Looser packing of fibres were expected in other cases 
[42]. As demonstrated in Figure 2.11, the NUS pattern formed by the electrospun fibre deposition 
on the glass surface [43]. The idea of making this possible was to manipulate the electrical field 
during the electrospinning by placing the electrical conductive wire with same pattern place below 
the glass substrate [43]. Because the wire was connected to the ground electrode, the highly 
charged jet was naturally preferred to be deposited on these ‘marked’ area, guided by the 
electrostatic forces [43]. More interesting electrospinning designs can be found in the reference 
[43].  
 
 
Figure 2.11 (a) Electrospun fibres deposited on glass substrate showing NUS pattern; and 
(b) the NUS metal wires placed below the glass surface  [43]. 
 
To serve the applications where highly ordered architectures are required [44], a few smart 
designs in terms of electrospinning setup have been developed. Theron et al. have switched the 
collector from a simple flat conductor into a rotating disk collector [45]. By using the rotating 
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disk collector, the jet trajectory was different from the ones described for the fabrication of non-
woven fibre mat [45]. Instead, the envelope region started to shrink at a certain point above the 
wheel of rotating disk and the forming an inverted envelope with its tip landing on the edge of the 
wheel [45]. More interestingly, the electrospun fibres fabricated in this manner resulted into 
parallel arrays [45]. To increase the collecting area where the aligned fibres were deposited, Li et 
al. have used a pair of Si electrodes which allowed the separation distance between 2 electrodes 
varied from hundreds of micrometre to a few centimetres, as illustrated in Figure 2.12(a) [46]. 
Figure 2.12(b) demonstrates the electrical field strength vectors within the TCD. Differing from 
common electrospinning, the electrical field lines near collector area were spitted into 2 portions 
toward to the opposite direction. In this regard, the charged fibres were considered to be 
experienced two set of electrostatic forces, F1, the force originated from the splitting field; and 
F2, the force generated from the image charges induced on the surface of 2 electrodes by 
contacting with charged fibres. Under the interaction of these two forces, the resulted poly(vinyl 
pyrrolidone) (PVP) fibres were highly aligned between two Si electrode and are shown in Figure 
2.12(c).  
 
 
Figure 2.12 (a) Electrospinning setup used in the fabrication of aligned NFs; (b) an 
illustration of electric field strength between needle tip and Si collectors; and (c) optical 
image of aligned PVP NFs formed between a pair of Si collectors [46]. 
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By integrating the knowledge acquired from the fabrication of aligned fibres with coaxial 
electrospinning, the aligned electrospun fibre with hollow structure located in the centre was 
achieved. Figure 2.13(a) demonstrates this smart idea by letting PVP/Ti(OiPr)4 solution and 
mineral oil to flow through the outer and inner capillary simultaneously [47]. By immersing the 
resulted co-electrospun composite NFs in octane overnight, the pure titania hollow NFs were 
formed after the calcination in air at 500°C. The good alignment of hollow NFs shown in Figure 
2.13(b) was achieved by using the same method as described in reference [46].  
 
Figure 2.13 (a) Electrospinning setup used in the fabrication of core-shell structure; and 
(b) SEM image of aligned titania hollow fibres with inset of magnified single fibre [47]. 
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 Background of Carbon Fibres 
The first emergence of carbon fibre has to be tracked back to 1879. Around that time, Thomas 
Edison has made carbon fibres from cotton threads and bamboo, which were used as filaments of 
incandescent lamp [48]. Figure 2.14 shows a light bulb at early stage of Edison’s research. 
Although the filament of light bulb was eventually replaced by tungsten wire [49], the concept of 
producing carbon fibres from cellulose materials have given the important inspiration for the later 
carbonization of other polymeric materials, which started to happen in late 1950s [50]. 
 
 
Figure 2.14 Photograph of Edison’s early light bulb [51]. 
 
In the need of searching substitute material for the control grid of vacuum tube power amplifier 
during the World War II; Union Carbide Corporation carried out a series of investigations, and 
led to the invention of carbon fibres derived from rayon, PAN and pitch in 1959, 1961, and 1963, 
respectively [50].  
 
Generally speaking, a fibre contains at least 92 wt% carbon can be defined as a carbon fibre [52]. 
In principle, any polymeric fibre with carbon back-bone is considered to be able to use as the 
precursor of carbon fibre [53]. There are other polymeric materials, such as poly(vinyl alcohol) 
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(PVA), poly(vinylidene fluoride) (PVDF), polybenzimidazol (PBI), phenolic resin and lignin 
match the description,  and have been attempted of using as carbon fibre precursors [50, 53]. The 
resulted carbon fibres from these precursors either show weak mechanical properties or associate 
with high costs [54]. The great carbon yield and superior mechanical properties of the resulted 
carbon fibres have guaranteed the predominating position of PAN precursor fibres in the carbon 
fibre industry [50, 55, 56]. It has been reported that 90% of commercial carbon fibres around the 
world are converted from PAN [55]. 
 
2.3.1 PAN Derived Carbon Fibres 
In carbon fibre industry, the conversion from PAN into carbon fibres normally are required at 
least two heat treatments, stabilisation and carbonization [55, 56]. Figure 2.15 shows an apparatus 
that used for the manufacturing of continuous high modulus carbon yarns and fibres, which was 
patented by Prescott et al [57]. The PAN precursor fibre was firstly stretched in a steam 
atmosphere in order to acquire a preferred orientation, which is parallel to fibre axis [49]. With 
the tension applied, the PAN fibre was then subjected to a stabilisation process which took place 
in air environment at a temperature range normally between 200 and 300°C [56, 58]. Upon to the 
completion of the stabilisation process, a ladder structure can be formed so that the chain scission 
and relaxation of the fibre can be avoided during the subsequent carbonization process in an inert 
atmosphere at much high temperatures (i.e. 500-2500 °C) [58], hence led to the formation of high 
strength and high modulus carbon fibres [49].  
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Figure 2.15 Manufacturing process of carbon yarns and fibres from PAN [57]. 
 
Depends on the application of carbon fibres, different type of carbon fibres can be produced by 
tuning the carbonization temperature. In general, PAN fibre carbonized at up to 1000 °C refers as 
Type A carbon fibre, which normally exhibit low tensile strength and low modulus [58]. By 
increasing carbonization temperature up to 1400 °C, the resulted carbon fibre possess high tensile 
strength and medium modulus, which is known as Type II [58]. With further increasing 
carbonization temperature to be greater than 2500 °C, sometimes refers as graphitization process; 
Type I carbon fibre can be produced with an exceptional modulus at a expense of decreased tensile 
strength [58]. The general mechanical properties of PAN derived carbon fibre are summarized in 
Table 2.1. 
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Table 2.1 Summary of mechanical properties of three different type of PAN derived 
carbon fibres [49]. 
Mechanical properties 
Standard 
Modulus 
Type II Type I 
Intermediate 
Modulus 
High Modulus 
Modulus (GPa) 205-235 275-310 345-550 
Tensile strength (GPa) 3.45-4.65 4.35-6.9 1.86-4.14 
Tensile strain, % 1.4-1.6 1.6-2.2 0.81-0.9 
Density (g/cm3) 1.76-1.79 1.76-1.79 1.87 
 
To produce carbon fibres with desired properties, besides the careful control on the fabrication of 
precursor fibres, the selections on the suitable heat treatment parameters also plays a crucial role. 
Therefore, lots of efforts have been made in order to understand the reaction mechanism of the 
each heat treatment.   
 
The fabrication of carbon fibres from PAN fibres starts from the stabilization process in air. This 
process is considered as one of most complicated ones, which is involved of numerous chemical 
reactions, including cyclization, dehydrogenation, aromatization, oxidation and crosslinking [59]. 
The chemistry change of PAN structure during the stabilisation proposed by Fitzer and Heine is 
presented in Figure 2.16 [60].  
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Figure 2.16 Proposed chemistry change of PAN during the oxidative stabilisation process 
[60]. 
 
Although the stabilisation can be carried out in an inert atmosphere, the presence of oxygen in the 
fabrication environment is essential for many occurred reactions associated with stabilisation 
process. For instance, dehydrogenation reaction is the process that stabilizes the carbon chains by 
forming the double bonds. To enable this reaction, the oxygen needs to be presented as to facilitate 
two elementary steps associated, oxidation and elimination of water [55]. This reaction is 
presented in Figure 2.17.  
Figure 2.17 Schematic diagram of dehydrogenation reactions during the stabilisation of 
PAN fibres with two different structures: (a) PAN fibres, and (b) cyclized PAN fibres [55]. 
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According to the finding reported by Fitzer and Muller, who indicated that oxygen acts as an 
initiator of the active centre for cyclization reaction [61]. Although oxygen is not required in order 
for cyclization reaction to occur, having oxygen allows the formation of oxygen-bearing groups 
attached to the resulted ladder structure and can provide better thermal stability during the 
carbonization process [62]. Interestingly, cyclization was the idea came up by Houtz, who 
observed the colour change during the PAN stabilization in 1950 [63]. It is now convinced that 
the cyclization is the important reaction occurred during the stabilisation [55]. This reaction is an 
exothermic process which is expected to associate with the evolution of various gases as a result 
of non-carbon removal process [64]. In addition, this reaction also leads to the conversion from 
C≡N into C=N groups to form a stable ladder structure, holds all molecules together and being 
responsible for the stiffness of the resulted material [65]. 
 
 
Figure 2.18 Chemistry changes induced by the carbonization process at different 
carbonization temperatures [60]. 
 
Once the ladder structure is established after the course of a proper stabilisation process, the 
stabilized PAN structure undergoes the carbonization process in an inert atmosphere at higher 
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temperatures to yield carbon content to around 95%, while leaving the fibrous morphology 
uncompromised [58]. As indicated in Figure 2.18, the dehydrogenation is normally occurred at 
temperature between 400 and 600 °C, whereas the dehydrogenation is expected taken place at a 
temperature range from 600 to 1300 °C [60, 66].  
 
At lower carbonization temperature, the cyclized polymer structure is linked up forming a 
graphite-like ribbon structure, and are bound by nitrogen atoms, as shown in Figure 2.19. The 
further growth into a sheet like structure from ribbons is encouraged at higher carbonization 
temperature, when denitrogenation normally occurs [52]. It was reported that the sheet like 
structures contain voids and defects [52]. By further increasing carbonization temperature, these 
voids and defects can be reduced, the further growth of sheet like structure into graphite-like 
layers, as well as the improved alignment of basal planes [49, 58].    
 
Figure 2.19 Schematic diagram of graphite like ribbon structure formed due to 
dehydrogenation during the carbonization process at low carbonization temperature [67]. 
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2.3.2 Vapour-Phase-Grown Carbon Fibres 
Apart from the thermal conversion from polymeric fibres, carbon fibres can also possible to be 
grown directly from carbon containing gases with the assistance of metallic catalysts [56]. This 
group of carbon fibre is termed as vapour-phase-grown carbon fibres (VGCFs). To compare with 
PAN derived carbon fibres, VGCFs generally exhibit better electrical conductivity and elastic 
modulus, which were thought to be the result of greater orientational alignment of carbon planes 
[68].  
 
Figure 2.20 shows that the growth of VGCFs can be facilitated in a furnace by using a simple 
temperature profile [68].   
 
Figure 2.20 Heat treatment profile programmed for the fabrication of VGCFs at 
temperature of 1100 °C [68]. 
 
In 1988, Endo reported that there were three main steps involved in the formation of VGCFs [68]. 
Seeding with catalysts, growth of fine fibre in the vapour made of hydrocarbons diluted with 
hydrogen, and further growth in the radical direction of the fibre [68]. One of the proposed growth 
mechanism of VGCFs is presented Figure 2.21 [69]. The substrate surface is normally catalysed 
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by seeding of metallic nanoparticles. The seeded locations thus serves as nucleation sites to 
provide the foundation for the onset of second step. The hydrocarbon decomposition acts as the 
“nutrition supplier” to promote the deposition of carbon species, preferably sp2 around the 
metallic particles. The linear growth of the fibre is continued until the metallic particles are 
covered with carbon, and possibly other impurities. The radical growth of primary formed fibre 
is carried on due to the continuous decomposition of hydrocarbons [68]. Endo also pointed out 
the essential roles of hydrogen: (i) to reduce metallic particles at high temperature of ~1100 °C; 
and (ii) to improve the yielding of VGCFs [68]. On the other hand, Rodriguez et al. noticed that 
the effect of size on the conformation of the resulted carbon structure [70]. In reference [70], it 
was pointed out that the by using metallic particles with size smaller than 25 nm led to the 
formation of carbon nanotubes (CNTs), the growth of carbon nanofibres (CNFs) is occurred in 
otherwise. 
 
Figure 2.21 Growth mechanism proposed for the formation of VGCFs [69]. 
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2.3.3 Characterisations of Carbon Nanofibres  
In order to obtain the carbon nanofibres (CNFs) with good quality, understanding the effect of 
each fabrication parameter on the properties of the final product is of a great importance. To serve 
this purpose, tremendous characterisation work have been carried out by using many advanced 
techniques.  
Figure 2.22 TEM image of CNFs fabricated by two different methods: (a)-(c) heat 
treatment of PAN NFs by electrospinning [71], and (d)-(f) vapour phase growth [72].   
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It is well known that the properties of CNFs is greatly affected by its morphology [73]. Figure 
2.22 shows the TEM images of CNFs produced from different methods. Figure 2.22 (a)-(c) 
presents the appearance CNFs obtained from electrospun PAN NFs after carbonization at 1100 °C 
[71]. In Figure 2.22 (a)-(b), the morphology of the PAN derived CNFs are considerably uniform 
and average fibre diameter of PAN derived CNFs was reported to be approximately 80 nm in 
reference [71]. By observing high resolution TEM image in Figure 2.22(c), the surface layer is 
found to be much better graphitized than the core area (i.e. inner part) of the fibre. The inner part 
was found to be formed from the random mixture of ordered graphitic domains and amorphous 
phases [71]. Rafique et al. reported that the size of the ordered graphitic domains within the inner 
part was 4.3 nm and the thickness of the surface layer was approximated to be 15-20 nm [71]. 
Similar to the proposed growth mechanism of vapour grown CNFs, the resulted CNFs in Figure 
2.22(d) shows a tiny tube within it [72]. The diameter of the hollow part was reported to be similar 
with the diameter of metallic particle used during the seeding [72]. The closer view of surface 
layer of vapour grown CNFs formed at 1200°C is shown in Figure 2.22(e). Based on the resulted 
diffraction pattern, this structure is considered to be a typical turbostratic structure. In contrast, 
the vapour grown CNFs heated treated at 2800 °C shows the sharp (00l) spots on the selected area 
electron diffraction (SAED) pattern in Figure 2.22(f). There is a thin amorphous layer with 
approximately 5 nm deposited on the stiff, regular flat carbon layers is known as contaminated 
carbon, which was reported to be originated from the industrial graphitization process [72].  
 
Although the mechanical properties and electrical conductivity of CNFs grown from vapour phase 
with right fabrication parameters can be very good [72], the short length of the resulted CNFs and 
low product yield cause the difficulty to be used in the applications where good alignment, and 
easy assembly are required [56]. From this point of view, PAN derived CNFs from 
electrospinning appears to be a much more favourable option, in terms of simplicity, flexibility, 
high efficiency, as well as low costs [56].  
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One of the most common tools to study the heat treatment history of the fabricated CNFs is using 
SEM. Due to the unique structure of PAN NFs, two treatments were required, namely, 
stabilisation and carbonization. Zhou et al. reported that by stabilising electrospun PAN NFs with 
heating rate of 2°C/min in air to 280 °C for 3h, little change was found on the average diameter 
of the NFs [74]. To optimize the stabilisation conditions, differential scanning calorimetry (DSC) 
was often applied [73, 75]. Arshad et al. attempted stabilisation process at three different 
temperatures, 250, 275, and 300 °C, respectively for 1h, by DSC [73]. The resulted DSC data 
suggested that the complete stabilisation occurred at 300 °C [73].With further increasing 
stabilisation temperature, the PAN NFs were combusted [73]. Once the infusible ladder structure 
is established after using the appropriate stabilisation conditions, carbonization process was 
applied as the subsequent step leading to the formation of CNFs [55, 75]. Panapoy et al. studied 
the effect of carbonization temperature on the diameter of PAN derived CNFs [76]. It was found 
that, by increasing carbonization temperature from 800 to 1000 °C with heating rate of 5 °C/min 
and holding time of 10 min, the diameter of the resulted CNFs was decreased from approximately 
of 275 to 208 nm [76]. Rafique et al. found that by increasing carbonization temperature from 
750 to 1100 °C with heating rate of 0.5-5 °C/min and holding time of 1h in N2 environment, the 
diameter of the CNFs was decreased from 100 to 80 nm [71]. Zhou et al. used SEM to study the 
effect of carbonization temperature on the aligned PAN NFs [74]. With heating rate controlled at 
2 °C/ min during the carbonization process at 1000 °C in a N2 atmosphere, the diameter of CNFs 
was decreased from ~330 to 250 nm [74]. By further increasing carbonization temperature to 
1800 °C, the diameter was further decreased to approximately of 220 nm [74]. It was pointed out 
that with increasing heat treatment temperature (HTT) of carbonization during the fabrication of 
carbon fibres from PAN, non-carbon substances were evolved as various gases, as shown in 
Figure 2.23 [77]. In Figure 2.23, various gases evolved during the carbonization process include 
H2, CH4, CO, CO2, H2O, N2, NH2 and HCN [77]. Interestingly, it is found that the amount of 
evolved gases was increased with increasing carbonization temperature [77]. 
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Figure 2.23 Evolution of various gases as function of carbonization temperature [77]. 
 
It should be mentioned that when high stabilisation temperature was applied, the H2O vapour 
might be escaped due to the reactions involved in the stabilisation process [78], as illustrated in 
Figure 2.17 for dehydrogenation reaction. On the other hand, Ko carried out the elemental 
analysis on the carbon fibres [77, 78], which was produced at various carbonization temperatures 
[58]. The H2 content was decreased from ~3.2 to almost 0 wt% with increasing carbonization 
temperature from 400 to more than 1000 °C [58]. In parallel, as carbonization temperature 
increased from 400 to 1300°C; the N2 content was decreased from ~20 to less than 2 wt%, while 
O2 content was dropped from ~15 to 1.5 wt% [58]. This in turn led to the increase in carbon 
content from above 60 to ~96 wt% [58].  
 
Fourier Transform Infrared (FTIR) spectroscopy is particularly useful in providing information 
regarding to the stabilisation and carbonization of PAN NFs at low carbonization temperatures. 
The complicated chemical reactions associated with stabilisation and low temperature 
carbonization, which can be revealed by the presence of corresponding functional groups on the 
FTIR spectrum. Ko stated that the PAN fibres after the stabilisation conversion from C≡N groups 
into C=N [58]. This in turn causing the intensity of the FTIR peak corresponding to C≡N groups 
at around 2241 cm-1 to reduce, while the appearance of new peak at 1590 cm-1 due to the formation 
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of C=N, C=C, and N=H [79]. As mentioned in early section 2.3.1, the stabilisation process also 
involves oxidation reaction, the peak at around 1700 cm-1 attributed to C=O is expected [52]. By 
the time that there is almost no functional group can be seen in FTIR spectrum, it is an indication 
that the turbostratic structure of PAN derived CNFs are formed [73].  
 
 
Figure 2.24 Simplified turbostratic microstructure for PAN derived carbon fibre [80]. 
 
The turbostratic structure is typical for the CNFs derived from polymer precursor [49]. The 
formation of such unique structure has been attributed to the presence of defects, stacking faults 
and dislocations [49]. The structural disorders are considered to be originated with sp3 bonding, 
which is co-existed with sp2 bonding, representing graphitic structure within the turbostratic 
structure, as shown in Figure 2.24 [80]. As indicated in Figure 2.24, the stack height of the 
ribbons is represented by Lc, whereas La is the graphitic crystallite size representing the straight 
section of the fibril [49, 80]. To probe the structural disorders and graphitic structure, Raman 
spectroscopy is a powerful technique to reveal the carbonization degree of the CNFs. It can be 
seen that in Figure 2.25, two peaks appeared in Raman spectra of PAN derived CNFs [69]. They 
are known as D peak and G peak, originated from A1g zone-edge phonon associated with disorder 
and finite crystalline size, and zone-centre E2g mode induced by crystalline graphite [71]. More 
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interestingly, the degree of carbonization or graphitization can be reflected by the ratio of these 
two peaks, which is varied with carbonization temperature [69].  
Figure 2.25 Raman spectra of PAN derived CNFs produced from various carbonization 
temperatures, ranging from 700 to 2800°C [69]. 
 
As the carbonization degree of the CNFs is increased, the ratio of D peak to G peak, known as R-
value, which is decreased. It might be worth mentioning along that in the highly carbonized CNFs, 
second-order Raman features, such as G’ peak around 2700 cm-1 is normally seen [81]. This peak 
is known as the overtone of D peak [82]. It was reported the sharpness of the G’ peak is affected 
by the crystallinity. In general, the emergence of G’ peak generally indicates the formation of 
highly ordered carbon structures [81, 83, 84]. Thanks to the empirical equation proposed by 
Knight and White [85] shown in Equation 2.1. 
 
𝐿𝑎(nm) =
4.4
𝑅
    Equation 2.1 
 
Based on the magnitude of R-value, many authors have been able to quantitative study the 
carbonization degree of CNFs. Wang et al. reported that with increasing carbonization 
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temperature from 600 to 1000°C the La of PAN derived CNFs was increased from 1.5 to 2.6 nm 
[86]. Panapoy et al. suggested that by increasing carbonization temperature from 800 to 1000 °C, 
La was increased from 1.48 to 3.79 nm [76]. Rafique et al. calculated that the La was increased 
from 4.17 to 4.62 nm with increasing carbonization temperature  from 750 to 1100 °C [71]. 
 
It was later discovered that the R-value is varied with laser excitation wavelength. The empirical 
equation proposed by Knight and White is considered valid in the case when the laser wavelength 
of 514 nm is used. With applying different laser excitation wavelength of Raman experiment, the 
constant in Equation 2.1 will need to be modified. Niu et al. stated that the empirical equation 
for the determination of La is Equation 2.2, when laser wavelength of 633 nm was applied [87].  
 
𝐿𝑎(nm) =
5.8
𝑅
    Equation 2.2 
 
As indicated by Figure 2.25, it can be seen that carbonization temperature has great influence on 
the carbonization degree of the resulted CNFs. Wang et al. also noticed that the importance of the 
duration of carbonization on the resulted CNFs [86]. By using Equation 2.3, they claimed that 
the mole fraction of graphite in the fibres was increased from 0.225 at 600°C to 0.375 at 1200°C 
[86].  
𝑋𝐺 =
1
(1+𝑅)
    Equation 2.3 
 
Furthermore, they pointed out the highly kinetic nature of carbonization process, which is 
associated with phase transformation from disordered carbon to graphitic carbon [86]. In the 
temperature range of 600-1200°C, they estimated the activation energy, QA to be approximately 
7360 J/mol by using Equation 2.4-2.5 [86]. 
𝑋𝐺 = 𝑋0𝑒
(−
𝑄𝐴
𝑅𝑔𝑎𝑠𝑇
)
   Equation 2.4 
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ln 𝑋𝐺 = ln 𝑋0 −
𝑄𝐴
𝑅𝑔𝑎𝑠𝑇
   Equation 2.5 
where X0 is exponential factor, Rgas is ideal gas constant and T is temperature in K. 
 
For the CNFs fabricated from the high carbonization temperature, the high level of carbonization 
degree permits the possibility of using X-ray diffraction (XRD) technique. Zhou et al. obtained 
the value of Lc and d(002) spacing from XRD results for PAN NFs carbonized at 1400-2200 °C. By 
increasing carbonization temperature within this temperature range, Lc was increased from 1.17 
to 4.94 nm, while d(002) was decreased from 3.52 to 3.44 Å [74]. It worth to mention that the d(002) 
of ideal graphite crystal was reported to be slightly greater than 3.35 Å, as presented in Figure 
2.26 [88]. Having d(002) larger than the one obtained for the graphite, further confirming the 
turbostratic structure of PAN derived CNFs [49]. 
 
Figure 2.26 d(002) spacing comparison among the ideal graphite crystal, pitch derived 
carbon fibre and PAN derived carbon fibre [88]. 
 
It might as well worth to mention that the CNTs fabricated from PAN exhibited skin-core 
structure [80], as presented in Figure 2.27. Having more aligned structure located at skin layer, 
marking skin layer mainly responsible for the load bearing. This structure is consistent with the 
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TEM image of PAN derived CNF at carbonization temperature of 1100 °C shown in Figure 
2.22(c).  
Figure 2.27 Proposed skin-core structure for PAN derived carbon fibre [80]. 
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 Fabrication and Characterisation of carbon Nanofibre 
Composites 
To further enhance the performance of materials towards to the suitable applications, various 
methods were utilized to achieve the goal. Hou and Reneker fabricated multiwall carbon 
nanotubes (CNTs) grown on PAN derived CNFs [89], as shown in Figure 2.28.  
 
Figure 2.28 TEM image of the iron-catalysed growth of MWCNTs on PAN derived CNFs. 
The closer view of single CNF with grown MWCNTs [89]. 
 
By adding Fe(acetylacetonate), short in Fe(Acc)3, into PAN-DMF solution, the smooth 
electrospun composite fibres were resulted with fibre diameter ranged from 100 to 300 nm [89]. 
To obtain the carbon composite fibres presented in Figure 2.28, the precursor fibres were first 
stabilised in air at 250 °C for 3h, which was followed by the reduction process from Fe3+ to Fe at 
500-550 °C in an Ar- H2 atmosphere (Ar:H2 = 3:1) for 4h [89]. During this process, the 
agglomeration of Fe nanoparticles was occurred with agglomeration size of 10-20 nm, mainly 
located on the surface [89]. Once the nucleation sites were established, the growth of the multiwall 
CNTs was carried out in a Ar-hexane environment at 700 °C [89]. It was explained that the 
decomposition of hexane was used as the source of carbon atoms to be absorbed and dissolved in 
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the metal [89]. These atoms were subsequently transported to the interface region between Fe 
nanoparticles and the head of the growing CNTs, which were ultimately led to the linear growth 
of CNTs [89]. In addition, they stated that the length and curvature of the fibre can be controlled 
by time and carbonization temperature, respectively [89]. Furthermore, they proposed that the 
resulted materials can be applied in a wide range applications, including high performance filters, 
composites  and electrode materials [89]. 
 
Instead embedded the catalysts within the PAN solution, the catalysed CNTs growth can be 
achieved through a different route. The resulted composite NFs are shown in Figure 2.29(b). 
Zhao et al. used PAN derived CNFs as substrate material, which was then heat treated at 850 °C 
in an Ar atmosphere while the ferrocene solution in xylene was introduced into the furnace at the 
same time [90]. By using this method, the catalyst particles was incorporated, as indicated in the 
inset of Figure 2.29(b) [90]. They stated that by growing CNTs on the CNFs the crystallinity of 
the fibrous materials was effectively increased, indicated by the reduction of R-value decreased 
from 3.98 to 1.68 [90]. Furthermore, they realised that the CNFs with CNTs grown on the surface 
hugely increased specific capacitance approximately 40 times in cyclic voltammetry (CV) tests 
[90]. 
Figure 2.29 (a) SEM image of PAN derived CNFs, and (b) CNTs grown on CNFs. TEM 
image of the grown CNT is shown in inset [90]. 
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Besides the growth of CNTs on carbon fibrous materials, Lisi et al. conducted an experiment on 
the growth of carbon nanowalls (CNWs) on the carbon fibres by using hot filament chemical 
vapour deposition (HTCVD) method [91]. By controlling substrate temperature at 700 °C, 
pressure at 30 mBar, and the total flow of the gas mixture (CH4/H2 = 2/100) at 100 sccm, the 
resulted CNWs grown on carbon fibres are presented in Figure 2.30 [91]. Judging by the 
thickness of the CNWs coating on carbon fibre shown in the inset of Figure 2.30, it was suggested 
that the growth of up to 3 µm CNWs can be achieved within 3 h [91]. In addition, they noticed 
that the growth of the CNWs on the back of the carbon fibres, which was reported to have 
thickness of 280 μm [91].  
Figure 2.30 (a) Low magnification SEM image of CNWs grown on carbon fibres by HT-
CVD; (b) higher magnification SEM image of CNWs grown on carbon fibres. The broken 
CNWs grown on carbon fibre is inserted as inset [91]. 
 
To further enhance the specific area and electrical conductivity, Hsu et al. designed a type of 
carbon composite fibrous materials, which containing CNWs, CNTs, and CNFs [92]. The idea of 
their engineered composite material is illustrated in Figure 2.31(a) [92]. The CNFs used as the 
substrate material was fabricated from stabilisation and carbonization of electrospun PAN NFs at 
280 and 800 °C, respectively [92]. The CNTs growth on CNFs were catalysed with cobalt (III) 
nitrate in isopropanol [92]. The seasoned CNFs were heat treated in MPECVD chamber with 
following conditions:  the ratio of CH4 to H2 was 40/100, processing temperature and the pressure 
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within the chamber were maintained at 800 °C and 40 Torr for 10 min [92]. To obtain CNWs 
grown on CNTs, the processing parameter of MPECVD were changed into CH4/H2 = 40/100, 
temperature of 1500°C and 40 Torr for 5 min [92]. Indeed, TEM confirmed the formation of 
CNWs grown on CNTs in Figure 2.31(b) [92]. The conductivity measured by impedance for this 
composite fibrous materials showed 5 times higher than the PAN derived CNFs [92]. In addition, 
specific area of the composite fibres was 111 m2/g compared with 10.8 m2/g obtained for CNFs 
only [92].  
 
Figure 2.31 (a) Schematic diagram of the distributing condition for CNT and GNWs on 
the CF; and (b) TEM image of CNW grown on CNT [92]. 
 
Apart from the possibility of growing sp2 carbon species on 1D carbon structure, growing 
diamond on carbon fibre was also demonstrated [93]. Figure 2.32 shows the diamond layer grown 
on VGCF in MPECVD chamber under the following conditions: H2 of 99.9 sccm, CH4 of 0.1 
sccm, pressure of ~30 Torr, and temperature of 950-1000 °C [93]. The deposition rate at given 
condition was reported to be 0.1 µm/h [93]. In fact, Ting and Lake performed the growth of 
diamond coating two type of carbon fibres, PAN derived carbon fibres and VGCFs [93]. The 
deposition was impossible on PAN derived CNTs due to serve etching from hydrogen [93].  In 
contrast, only small reduction on the diameter of VGCFs was noticed after the deposition [93]. 
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Thus they concluded that the more disordered structure exhibited weaker resistance to the 
hydrogen etching [93].  
 
Figure 2.32 SEM image of a thick layer of diamond coating on the vapour grown carbon 
fibre deposited for 12h by using MPECVD [93]. 
 
Recently, the growth of hydroxyapatite (HA) crystals, the ceramics with similar chemical 
composition to the human bone was carried out on the PAN derived CNFs, by using stimulated 
body fluid (SBF) technique [94]. Figure 2.33 shows the state of the HA-CNFs fibres after the 20 
min ultrasonication in ethanol [94]. The grown HA crystals well attached on CNFs implied the 
good adhesion was developed at the interface region [94]. From the mechanical test results, by 
increasing CNFs content the fracture strength of this composite reached 67.3 MPa [94].  It was 
therefore proposed that this material can potentially be used on the bone tissue engineering [94].    
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Figure 2.33 TEM image of the growth of HA crystals on PAN derived CNFs by using SBF 
technique [94]. 
 
It may come to attention that many common techniques involved in the characterisation of carbon 
materials are seen as destructive methods. In more recent years, impedance spectroscopy has 
gained much attention, due to its non-destructive nature and the capability of study both dielectric 
and semiconductor materials [95-98]. In comparison to conventional electrical measurement 
conducted under the DC condition, such as I-V curve; impedance measurement relies on the 
current response by applying excitation of a small-amplitude AC signal between 10-4 and ~106 
Hz. The impedance is varied with frequency and generally described by using complex number 
shown in Equation 2.6.  
 
𝑍(ω) = 𝑍′ + 𝑗𝑍′′            Equation 2.6 
 
where 𝑍′ and 𝑍′′ represent the real part and imaginary part of Z(ω), and 𝜔 is angular frequency, 
respectively. In some cases, the resistive contribution is reflected by the real part, whereas the 
imaginary part represents the capacitive contribution [96]. By plotting Cole-Cole plot with 
imaginary part against real part, the corresponding conduction mechanism can be deduced based 
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on the shape of the plot. Su et al. reported that the Cole-Cole plot of the un-treated nanodiamond 
(ND) powders exhibited a near-perfect semicircle, which can be represented by Figure 2.34(a) 
[95]. It was suggested that single semicircle indicated one primary conduction path, and the 
associated resistance can be determined from the diameter of the semicircle that is intercepted on 
the real part of the plot [95]. By using fitting procedures, the electrical properties of the un-treated 
ND powders were represented by a single resistor-capacitor parallel electrical circuit [95]. By 
applying surface treatment on original ND powders in hydrogen plasma, the shape of the Cole-
Cole changed significantly and Warburg diffusion component was noticed in Figure 2.34(b) [95]. 
It was found that the electrical resistance was significantly reduced from 7 × 109 to 2.5 × 105 Ω, 
indicated by the reduced size of the diameter of semicircle in Figure 2.34(b) [95]. In addition, 
the emergence of Warburg component was related to the porous structure of NDs as well as the 
formation of C-H bonds during the hydrogen treatment. Warburg component is a special case of 
a constant phase element (CPE), whose n value is equal to 0.5.  
 
Figure 2.34 (a) Un-treated ND powders, (b) the ND powders after the hydrogen plasma 
treatment [95]. 
 
The impedance of common electrical components is summarized in Table 2.2. Besides CPE can 
equivalent to Warburg component when n = 0.5, CPE is also equivalent to ideal resistor, ideal 
inductor and ideal capacitor when n is equal to 0, 1, and -1, respectively. As presented in Table 
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2.2, the impedance of a pure resistor is not dependent on the frequency, thus, the impedance of 
resistor does not have imaginary part. On the contrary, the impedance of capacitor and inductor 
are influenced by frequency, the impedance of these two electronic components therefore contains 
imaginary part. 
 
Table 2.2 Impedance of various electrical circuit elements. 
Electrical circuit element Description Impedance 
R Resistance R 
C Capacitance 1 𝑗𝜔𝐶⁄  
L Inductance jω𝐿 
W Semi-infinite Warburg 1 𝑌0√𝑗𝜔⁄  
CPE Constant Phase Element 𝑌0(𝑗𝜔)
𝑛 
 
The impedance measurement is not only applied to the materials with powder form, but also can 
be used to investigate conduction mechanism of composite materials with various electrical 
conductive portion within the matrix materials. Wang et al. successfully employed impedance 
measurement in the investigation of conducive network of high density polyethylene 
(HDPE)/carbon black (CB) with varied carbon black concentration [98]. It was found that with 
increasing CB concentration from 15 to 19 wt%, the magnitude of resistances and capacitance 
was decreased, and inductance was merged in the case of 19 wt%. With further increasing CB to 
25 wt%, the further reduction on the resistance magnitude was found associated with the 
disappearance of capacitance [98]. They also attributed the change of electrical components 
extracted from Cole-Cole plots to the change of CB aggregates within the HDPE [98].   
63 
 
 Aim and Objectives 
Given by many desirable properties of carbon nanofibres and its associated carbon materials, it is 
crucible to be able to tailor the suitable structure and properties, hence to maximize the 
performance of the material in the intended applications. Therefore, the aim of the thesis was to 
study the synthesis and characterisation of carbon nanomaterials derived from various fabrication 
methods. As introduced in the previous sections, the characterisation of carbon fibres was either 
restricted by the examining technique either with limited penetration depth, or associated with 
complex sample preparation and operation procedures. Furthermore, the characterisation 
technique to study the carbon material in some occasions was considered to be destructive. 
Therefore it is essential to develop a method to examine the carbon fibre non-destructively, while 
the information was not restricted to the surface only. Thanks to the small diameter of the carbon 
nanofibres, such material was thought to be a good candidate using as the supercapacitor materials, 
due to the large specific area, as well as good electrical conductivity. To further enhance the 
supercapacitor performance of the carbon nanofibres, both desirable features of carbon nanofibres 
can be improved by growing other carbon species on its surface [92]. From the viewpoint of cost 
and simplicity of the fabrication method, it was always desirable to develop a method with greater 
flexibility, and simpler procedures. In this regard, there were seven objectives, in order to achieve 
the aim of the project.  
 
1) To systematically study the effect of four parameters of electrospinning, voltage, TCD, 
Q and C on the morphology of the resulted PAN products under the different parameter 
settings.  
 
2) To determine the optimized processing parameters in order to produce bead-free carbon 
nanofibres with good reproducibility and long stability. Therefore, the thick sample can 
be prepared by using such parameter for the preparation of substrate material for the later 
chapters. 
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3) To fabricate carbon nanofibres by carbonizing the electrospun PAN fibres derived from 
the optimized processing parameters at different carbonization temperatures, ranging 
from 500 to 1000 °C.  
 
4) To investigate the effect of carbonization temperature on the morphology, functional 
groups, chemical structure, crystallinity and electrical properties of CNFs.  
 
 
5) To correlate the microstructure evolution induced by increasing carbonization 
temperature with the change of electrical properties of CNFs. 
 
6) To fabricate CNWs-CNFs hybrid material directly from the stabilized PAN NFs by using 
MPECVD technique. 
 
 
7) To investigate the morphology, functional groups, and chemical structure of CNWs-
CNFs hybrid materials in comparison to conventionally carbonized PAN NFs by using 
SEM, FTIR, and Raman. 
 
8) To initiate the initial work for CNWs-CNFs hybrid materials to be used as supercapacitor 
material, by using CV test and charge-discharge measurement to characterise the 
electrochemical properties of the hybrid materials, respectively. 
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3 Experimental Procedures and 
Characterization Techniques 
 
 Experimental Procedures 
In this project, there were three main sets of experiment involved. Started with the electrospinning 
of PAN NFs, then carbonization of PAN NFs, and finally followed with the fabrication of CNFs-
CNWs hybrid materials. By following same sequence of the experiments, the detailed information 
regarding to the synthesis of above mentioned materials were separately presented in the 
following subsections from 3.1.1 to 3.1.3. 
 
3.1.1 Electrospinning of PAN NFs 
To enable PAN NFs produced by electrospinning technique, the PAN solution was required to 
obtain before the fibreization process. As depicted in Figure 3.1, dimethylformamide (DMF) 
solvent was added into a predetermined amount of PAN powders with molecular weight (Mw) of 
150000. Both chemicals were respectively purchased from Scientific Polymer Products and 
Fisher Scientific and used directly without any purification. The mixture was then subjected to 2 
h ultrasonication (ultrasonic processor: Hielscher UP 400S), in order to yield homogenous PAN 
solution with targeted concentration, C. By using the method described as above and is shown in 
Figure 3.1, a series of PAN solution with various concentrations, ranging from 2 to 16 wt% were 
produced, and are presented in Figure 3.2.  
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Figure 3.1 Schematic diagram of showing the preparation of PAN solution. 
 
 
Figure 3.2 Photograph of a series of PAN solutions with various concentrations, ranging 
from 2% to 16%. 
 
Once the PAN solution with targeted concentration was ready, it was transferred into a plastic 
syringe, in which the solution flow rate, Q was controlled by the syringe pump (NE-300 “Just 
Fusion” TM). To continuously produce ultrathin fibres from selected PAN solution, the whole 
process of electrospinning was constantly driven by an electrical field difference within the given 
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suitable needle tip to collector distance. To induce the electrical field, the metallic needle 
connected to the syringe via a plastic tubing was also connected to a high positive voltage supply 
(Genvolt), while the aluminium (Al) foil collector which was grounded to earth electrode. These 
forms the home-built electrospinning setup used in Aston University, as illustrated in Figure 3.3. 
To assure the accuracy of the deposition time, the fibre ejection at the Taylor cone was constantly 
monitored by the camera (Olympus 3.0, GXCAM-3). Due to the simple configuration of the 
electrospinning setup used in this project, all the PAN fibres collected on the collector were non-
woven type. To be able to control the morphology and the size of the resulted PAN materials, 
four types of the parameters were selected under the investigation. They were processing 
parameters, and solution parameter. The processing parameters included voltage, tip-to-collector 
distance (TCD) and Q, whereas the solution parameter was referred to PAN solution 
concentration. 
 
 
Figure 3.3 Schematic diagram of electrospinning setup used in Aston University. 
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In order to gain the understanding on the effect of individual parameter, several groups of samples 
were prepared and their corresponding parameters are summarized in Table 3.1 to Table 3.4. 
After the optimized processing parameters were obtained, the reproducibility and long stability 
of the parameters used for the fabrication of Q-8 and Q-9 in Table 3.3 with long deposition time 
of 70 and 120 min were attempted. These two samples were renamed as D-1 and D-2, respectively. 
 
Table 3.1 Matrix of processing parameters with various voltages. 
Sample Voltage (kV) TCD (cm) Q (ml/h) EFS (kV/cm) Taylor cone 
V-1 0 15 1.5 0 No 
V-2 5 15 1.5 0.33 No 
V-3 10 15 1.5 0.67 Discontinued 
V-4 15 15 1.5 1 Discontinued 
V-5 20 15 1.5 1.67 Stable 
V-6 25 15 1.5 2 Unstable 
V-7 30 15 1.5 1.07 Unstable 
V-8 16 15 1.5 1.13 Stable 
V-9 17 15 1.5 1.2 Stable 
V-10 18 15 1.5 1.27 Stable 
V-11 19 15 1.5 1.33 Stable 
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Table 3.2 Matrix of processing parameters with various TCD. 
Sample TCD (cm) Voltage (kV) Q (ml/h) EFS (kV/cm) Taylor cone 
T-1 5 16 1.5 3.2 Unstable 
T-2 10 16 1.5 1.6 Stable 
T-3 15 16 1.5 1.07 Stable 
T-4 20 16 1.5 0.8 Stable 
T-5 25 16 1.5 0.64 Very faint 
T-6 30 16 1.5 0.53 Very faint 
T-7 11 16 1.5 1.45 Stable 
T-8 12 16 1.5 1.33 Stable 
T-9 13 16 1.5 1.23 Stable 
T-10 14 16 1.5 1.14 Stable 
 
 
 
 
 
  
70 
 
Table 3.3 Matrix of processing parameters with various Q. 
Sample Q (ml/h) Voltage (kV) TCD (cm) Time (min) Taylor cone 
Q-1 0.5 16 10 2 Unstable 
Q-2 1 16 10 2 Stable 
Q-3 1.5 16 10 2 Stable 
Q-4 2 16 10 2 Stable 
Q-5 2.5 16 10 2 Stable 
Q-6 3 16 10 2 Multi-jet 
Q-7 0.5 16 14 2 Unstable 
Q-8 1 16 14 2 Stable 
Q-9 1.5 16 14 2 Stable 
Q-10 2 16 14 2 Stable 
Q-11 2.5 16 14 2 Stable 
Q-12 3 16 14 2 Stable 
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Table 3.4 Matrix of optimized processing parameters with various PAN solution 
concentrations from 2 to 16%. 
Sample C (%) Expected deposition time (min) Actual deposition time (min) 
C-1 2 2 2 
C-2 4 2 2 
C-3 6 2 2 
C-4 8 2 2 
C-5 10 2 2 
C-6 12 2 2 
C-7 14 2 2 
C-8 16 2 2 
C-9 2 10 10 
C-10 4 10 10 
C-11 6 10 10 
C-12 8 10 10 
C-13 10 10 10 
C-14 12 10 10 
C-15 14 10 10 
C-16 16 10 8.5 
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3.1.2 Synthesis of CNFs 
Given to the nature of PAN, the synthesis of CNFs from PAN NFs required two-step heat 
treatments. One of which was to heat treat PAN NFs at stabilisation temperature, Tstablisation in air, 
whereas the other one was the subsequent heat treatment which was carried out in an inert 
atmosphere. The benefits of applying stabilisation process first were to enhance the carbon 
yielding and to form a ladder structure, which gives a good heat resistance. Hence, avoiding the 
melting and fusing of the fibres at higher temperature in the subsequent carbonization process. 
Electrospun 14% PAN NFs fabricated with processing parameters of 16kV, 14cm, and 1.5 ml/h 
was selected to be converted into CNFs. The selected PAN NFs was heated at 280 ºC for 1h with 
the presence of air in the square furnace (Carbolite, Sheffield, UK). After the stabilisation process, 
the colour of the PAN NFs was changed from white to dark brown, as shown in Figure 3.4.  
 
 
Figure 3.4 Comparison between the electrospun PAN NFs (a) before oxidative 
stabilisation, and (b) after oxidative stabilisation in air. 
 
The stabilised PAN NFs were cut into small squares with dimension of approximately of 1×1 cm2 
and each small square was subsequently subjected to the carbonization process at different 
carbonization temperatures, Tcarbonization ranging from 500 to 1000°C. The carbonization process 
was taken place in the tube furnace (Carbolite, Sheffield, UK) with heat rate of 10ºC/min in a N2 
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atmosphere. The holding time for the targeted Tcarbonization was 1h and then followed with a furnace 
cooling process. For the simplicity, the electrospun PAN NFs and stabilized PAN NFs were 
named as PAN and SPAN, respectively. Whereas the stabilised PAN NFs carbonized at 500, 600, 
700, 800, 900, and 1000°C were named as CNF-500, CNF-600, CNF-700, CNF-800, CNF-900 
and CNF-1000, as summarized in Table 3.5.  
 
Table 3.5 Experimental conditions of PAN NFs with various treatments. 
Sample Condition Tcarbonization (ºC ) 
PAN Electrospun PAN NFs N/A 
SPAN Stabilised PAN NFs N/A 
CNF-500 Carbonization of stabilised PAN NFs 500 
CNF-600 Carbonization of stabilised PAN NFs 600 
CNF-700 Carbonization of stabilised PAN NFs 700 
CNF-800 Carbonization of stabilised PAN NFs 800 
CNF-900 Carbonization of stabilised PAN NFs 900 
CNF-1000 Carbonization of stabilised PAN NFs 1000 
 
3.1.3 Synthesis of CNWs-CNFs Hybrid Materials 
To avoid the unnecessary melting of PAN NFs, the stabilised PAN NFs were used as precursor 
for the fabrication of CNWs-CNFs hybrid materials, by using microwave plasma enhanced 
chemical vapour deposition (MPECVD) technique. The image of ASTeX5010 MPECVD system 
is shown in Figure 3.5.  
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Figure 3.5 Photograph of ASTeX5010 MPECVD system: (a) assembly of main 
components; and (b) plasma ball glows in the reactor chamber during the deposition 
process [99]. 
 
In the reactor chamber, the hydrogen plasma was ignited at the following conditions: H2 flow rate 
of 90 standard cubic centimetre per minute (sccm), microwave power of 800W and gas pressure 
of 10 Torr. Once the stable H2 plasma ball was established in the chamber, CH4 gas with flow rate 
of 10 sccm was introduced into the reactor chamber to form CH4/H2 mixture. The selected 
precursor was treated in CH4/H2 atmosphere for 30 min with pressure of 40 Torr. The general 
condition in the MPECVD chamber during the synthesis of CNWs-CNFs hybrid materials is 
illustrated in Figure 3.6 and summarized in Table 3.6. As indicated in Figure 3.6, the top layers 
of the stabilized PAN NFs piece became a bright orange-red colour. To explore the unique impact 
brought by MPECVD on the stabilized PAN NFs, the same precursor was heat treated by using a 
conventional tube furnace from room temperature to carbonization temperature of 910 ºC in a N2 
atmosphere. During the conventional carbonization process, the heating rate and holding time 
were controlled at 20 ºC/min and 30min, respectively. The reason for choosing 910 ºC this 
particular temperature was consulted with Mr Vojtěch Kundrát, who conducted a series of 
temperature calibration work within the MPECVD chamber. It was estimated that the temperature 
in the MPECVD chamber at given condition in Table 3.6 was approximately 910 ºC.   
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Figure 3.6 Sample preparations for carbonized PAN NFs with CNWs coating after 
MPECVD process. 
 
Table 3.6 Experimental conditions for PAN NFs with different treatments. 
Sample Description Conditions 
S-1 Electrospun PAN NFs 14.5%, 16 kV, 14cm, 1.5ml/h for 5h 
S-2 Stabilized PAN NFs Heating at 280 ºC for 1h in air 
S-3 Furnace carbonized PAN NFs 
Heating to 910 ºC with heating rate of 20 
ºC/min and holding time of 30min in N2 
S-4 MPECVD carbonized PAN NFs 
Microwave power of 800W, and pressure of 40 
torr in a CH4/H2 environment for 30min with 
flow rate of CH4 and  H2 at 10 and 90 sccm 
S-5 
MPECVD grown CNWs on the 
surface layers of the CNFs 
S-6 
MPECVD grown CNWs on the 
deeper layers of the CNFs 
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 Characterisation Techniques 
The experimental parameters for each characterisation technique in addition to the 
electrochemical characterisations in section 3.2.6 used in this project along with the description 
of data process, which were included at the end of corresponding subsection.  
 
3.2.1 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is an indispensable technique for modern science 
researches across numerous fields. Because it is not only able to acquire the morphological 
information at surface, near surface, or even the bulk structure; but also can provide the 
information regarding to the chemical composition and electrical conductivity of the examined 
object [100]. A simplified illustration of SEM is presented in Figure 3.7. 
 
 
Figure 3.7 Schematic diagram of SEM with basic components. 
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In the current project, the morphology of all fabricated samples were characterized by SEM 
(JEOL, JSM-700F) using secondary electron signals. All electrospun PAN samples described in 
section 3.1.1 and stabilised PAN samples were gold coated using sputter coater (emscope, SC 
500) before imaging by SEM. Each characterizing piece was cut out from the centre area of the 
electrospun non-woven mat (see Figure 3.4) with dimension of approximately 1 × 1 cm2.  As the 
fibre diameter was one of the most important criterion used to quantify the quality of the fibres 
synthesized from the different experimental conditions, the quantitative study based on the SEM 
images of each synthesized sample was carried out by using software Image-J. In order to provide 
the reliable result on the fibre diameter, the average diameter (da) of each sample from its 
corresponding SEM images was obtained by counting 100 fibre diameters, as expressed by 
Equation 3.1. To ensure the accuracy of the fibre diameter, the standard deviation (dSD) was also 
calculated by using Equation 3.2.  Other quantitative data was also extracted from the SEM image 
of the electrospun PAN fibres, including total deposition area of electrospun PAN NFs per SEM 
image, Ad; total deposition area of beads per SEM image, Ab, ratio of deposited area to the total 
SEM image area, FA; ratio of deposited bead area to the total SEM image area, Fb.  
 
𝑑𝑎 = ∑
𝑑𝑖
𝑁⁄
𝑁
𝑖=1               Equation 3.1 
 
𝑑𝑆𝐷 =  
1
𝑁
∑ (𝑑𝑖 − 𝑑𝑎)
2𝑁
𝑖=1              Equation 3.2 
 
where N represents the counting time which is 100.  
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3.2.2 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is an advanced characterisation technique, which is 
used to study the morphology, crystallographic structure (i.e. internal structure) and chemical 
composition of materials by transmitting electron beam through the examined sample. The 
thickness of the sample is examined by TEM needs to be extremely thin, preferably, 100-200 nm. 
The results of carbonized PAN NFs presented in section 5.4 were characterized by using TEM 
(JOEL, JEM 2100). The CNFs were cut into small pieces and then were ultrasonicated in ethanol 
for 5 min. One drop of suspension which contain CNFs was transferred to the copper grid with 
glassy carbon coating on and later dried in air.  TEM images were obtained under the accelerating 
voltage of electron beam at 200 keV. The size of electron beam to obtain SAED patterns was 
controlled at a few micrometres.  
 
3.2.3 Fourier Transform Infrared Spectroscopy 
In the current project, the functional groups of electrospun PAN NFs with various treatments were 
examined by using FTIR Thermo Scientific Nicolet iS5, as shown in Figure 3.8. The dimension 
of the sample was approximately 1 x 1 cm2. Each sample, two random positions were chosen. 
The software used to collect FTIR data was OMNIC. The FTIR measurement was conducted at 
attenuated total reflectance (ARF) mode. The obtained FTIR spectrum shows the relationship 
between transmittance and wavenumber, while the wavenumber was selected as a full range from 
4000 to 550 cm-1. The resolution of each spectrum was 4 cm-1 and the number of scan for each 
sample was 16.  
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Figure 3.8 FTIR machine with model name of Nicolet iS5 used in Aston University. 
 
3.2.4 Raman Spectroscopy 
The chemical structure of PAN NFs with various treatments was explored by Raman spectroscopy 
(Renishaw inVia Raman Microscope), as shown in Figure 3.9.  The wavelength of the excitation 
laser was 633 nm and the Raman spectra were collected by using software Wire 3.1. To ensure 
the accuracy of the Raman results, at least 3-4 different locations of each carbonized sample were 
randomly selected by using the integrated optical microscope with magnification lens of ×20. For 
each location, the exposure time was 10 s and accumulation was 10 while the laser power was 10 
mW. The sample with dimension of approximately 1 × 1 cm2 was placed on a glass slide, which 
was held by sample stage shown in Figure 3.9(b) during the Raman measurements. 
 
 
Figure 3.9 Renishaw Raman spectroscopy in University of Birmingham: (a) the overview 
of the technique; (b) the sample stage for optical focusing with different magnifications. 
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The main focus of using Raman in the current project was to extract R-value (i.e. intensity ratio 
of D peak to G peak) and understand the graphitization degree and the size of graphitic crystallites. 
Peak deconvolution of D and G peak was carried out by fitting with Gaussian–Lorentzian mixed 
shape via software OriginPro 9.0, according to reference [86]. The R-value calculated for each 
sample was the average value obtained from different locations of the sample. The estimation of 
La was obtained by using Equation 2.2. The mole fraction of graphite, XG was obtained by using 
Equation 2.3. The activation energy for the growth of graphitic crystallites with increasing 
carbonization temperature was calculated by using Equation 2.4 and Equation 2.5.  
 
3.2.5 Impedance Spectroscopy 
Impedance spectroscopy (IS) is a powerful tool that used to characterize the electrical properties 
of materials, and the interfaces between the materials and electronically conducting electrodes. In 
the current project, impedance measurement of CNFs was carried out by using Autolab 
electrochemical system (Windsor Scientific, PGSTAT 302N), which is shown in Figure 3.10. All 
the electrical measurements presented in Chapter 5 were conducted in air using the testing cell as 
depicted in Figure 3.11. The impedance data was collected over a frequency range from 106 to 
102 Hz. 
 
 
Figure 3.10 Electrochemical system in Nanoscience group of Aston University. 
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Figure 3.11 Schematic diagram of testing cell for CNFs during the impedance 
measurement. 
 
The Cole-Cole plot of the CNFs carbonized with carbonization temperature from 500 to 800 °C 
were recorded by impedance spectroscopy. The other two samples with higher carbonization 
exceed the measuring limit of the current experimental setup. The fitting curves in the section 5.5 
for sample CNF-500 to CNF-800 were generated by using following Equations from 3.1 to 3.4.  
 
Z(ω) = 𝑅𝑠 +
1
1
𝑅𝑝
+𝑗𝜔𝐶
                 Equation 3.1 
𝑍(𝜔) = 𝑅𝑠 +
1
1
𝑅𝑝
+𝑄(𝑗𝜔)𝑛
              Equation 3.2 
Z(ω) = 𝑅𝑠 +
1
1
1
𝑄(𝑗𝜔)𝑛
+𝑗𝜔𝐿
+
1
𝑅𝑝
              Equation 3.3 
Z(ω) = 𝑅𝑠 +
1
1
𝑅𝑝
+
1
𝑗𝜔𝐿
               Equation 3.4 
where Rs is contact resistance between PAN derived CNFs and copper electrodes, and Rp is 
parallel resistance.  
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3.2.6 Electrochemical Characterisations 
To evaluate the supercapacitor performance of CNFs produced from conventional furnace and 
CNWs-CNFs fabricated with MPECVD, the electrochemical characterisations were carried out 
by using a standard three-electrode configuration in 0.5M H2SO4 solution, as illustrated in Figure 
3.12.  
 
 
Figure 3.12 Schematic diagram of a standard 3 electrode configuration applied during the 
electrochemical measurements of CNFs and CNWs-CNFs. 
 
The configuration was composed of a working electrode, a platinum electrode used as counter 
electrode, and a saturated calomel electrode used as reference electrode, respectively. The 
working electrode was assembled by combining electrode clip, graphite paper and electrode 
materials in such fashion. To ensure the good precision of the measurement, the electrode 
materials and the graphite paper was carefully prepared by using following procedures. The 
graphite paper was first cleaned by wiping the surface with ethanol. The cleaned graphite paper 
was cut into dimension of 5 ×1.5 cm2, and further cleaned by immersing into the ethanol for hours 
and dried in the oven at 60 °C. The mass of the dried clean graphite paper was measured by the 
microbalance, so that the weight of the electrode materials can be deduced in the later step. To 
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provide a good adhesion between the electrode materials and the prepared graphite paper, the 
binder was made by dissolving predetermined amount of PVDF into N-methylpyrrolidinone 
(NMP) solvent to yield a binder solution concentration of 2.5%. The electrode materials, 
conductive carbon black (super K) and binder was mixed in the mass ratio of 8:1:1. The mixture 
was then further stirred by using magnetic stirrer to achieve good homogeneity. The homogeneous 
mixture was later applied on the graphite paper to generate electrode material area of 1 ×1.5 cm2. 
The graphite paper was then dried in vacuum oven at 120 °C for 12 h. The dried graphite paper 
was then measured again by microbalance, so that the mass of the electrode materials can be 
obtained. 
 
Two different tests carried out for electrochemical characterizations were cyclic voltammetry 
(CV), and charge-discharge, respectively. The CV was conducted by using PARSTAT2273 
electrochemical working station (Princeton Applied Research, USA), whereas the charge-
discharge measurement was performed on Land CT2001A battery testing system. The 
experimental voltage range used for all electrochemical measurements was 0-0.9V.  
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4 Electrospinning of PAN NFs 
 
 Optimization of Processing Parameters at PAN Solution 
Concentration of 12% 
The optimization process was carried out by varying three processing parameters, voltage, tip to 
collector distance (TCD), and flow rate (Q), while the PAN solution concentration was fixed at 
12%. The goal for this section was to obtain bead free fibres with smallest diameter, while the 
deposition area Ad per SEM image was high. In addition, the long stability and high 
reproducibility of the optimized processing parameter were also assessed.  
 
4.1.1 Voltage 
As discussed in Chapter 2, the fibre ejection was initiated from the tip of the Taylor cone. 
Therefore, the status of the solution drop attached to the needle tip was monitored. Figure 4.1 
shows the solution drop change in the voltage range from 0 to 30 kV with each increment of 5kV, 
while TCD and Q were fixed at 15 cm and 1.5 mL/h, respectively. In the voltage range from 0 to 
5 kV, the solution drop was remained in a hemispherical shape sitting on the needle tip in Figure 
4.1(a). No significant disturbance on the solution drop was observed from the induced electrical 
field, defined as the ratio of voltage to TCD. As voltage increased to 10-15 kV, the shape of 
solution drop started to transform from hemispherical into conical. In Figure 4.1(b)-(c), a very 
faint fibre jet was seen to eject from the tip of the Taylor cone. However, the fibre ejection was 
ceased within 2 min without disabling the induced electrical field. In contrast, a continuous fibre 
ejection was found in the higher voltage range from 20 to 30 kV. Taylor cones were found 
constantly on in Figure 4.1(d)-(f), and no fibre ejection ceased as observed in Figure 4.1(b)-(c), 
when the electrical field was applied. Interestingly, it can be seen that the elongation of the 
solution drop along the needle axis was more pronounced with increasing voltage, because of the 
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larger electrical field was induced within the constant TCD. It should be mentioned that, the 
stability of the solution drop started to deteriorate quickly when the voltage increased to very high 
values, 25 and 30 kV in Figure 4.1(e)-(f). When the electrospinning system experienced high 
instability, the volume of the solution drop on the needle tip was changing constantly.  
 
 
Figure 4.1 Optical images of solution drop formed at the needle tip as a function of 
voltage: (a) 0-5 kV, (b) 10 kV, (c) 15 kV, (d) 20 kV, (e) 25 kV, and (f) 30 kV. 
 
As no modification on the Al foil collector was made, the resulted PAN NFs was expected to be 
collected as non-woven mats. Under the influence of different voltage from 0 to 30 kV, the images 
of the resulted fibre mats with dimension information are presented in Figure 4.2. Consistent with 
the observation seen in Figure 4.1(a), by applying voltage of 0-5 kV no deposition was resulted, 
as shown in Figure 4.2. While the voltage was increased to 10-15kV, the fibre ejection was ceased, 
hence shorter deposition time. This in turns led to the formation of smaller fibre mats with much 
less fibres, when compared with the ones deposited with continuous fibre ejection in the higher 
voltage range. In the continuous fibre ejection region, it can be seen that the size of the fibre mat 
was decreased with increasing voltage from 20 to 30 kV, while the thickness of the mat was 
increased.  
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Figure 4.2 Quantitative plot of da of electrospun PAN fibre mat as a function of voltage 
from 10 to 30 kV. The photos of electrospun PAN fibre mats are inserted. 
 
Morphology is a particular important characteristic for electrospun NFs, as it greatly affects the 
performance of nanomaterials in their applications [89, 90, 92, 101]. Figure 4.3 shows the 
morphology of electrospun PAN NFs deposited on Al foil collector with increasing voltage from 
0 to 30 kV. It is not surprised that only the bare Al foil can be seen in Figure 4.3(a) in the voltage 
range from 0 to 5 kV. In the discontinued fibre ejection region, beaded fibres observed in Figure 
4.3(b) with voltage of 10 kV, whereas the much smoother fibres were deposited at voltage of 15 
kV shown in Figure 4.3(c). All the fibres deposited in the continuous fibre ejection region 
exhibited beaded morphology, which are presented in Figure 4.3(d)-(f). Some quantitative 
information extracted from SEM images of Figure 4.3 are listed in Table 4.1.  
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Figure 4.3 SEM images of electrospun PAN NFs deposited on Al collector at various 
voltages: (a) 5 kV, (b) 10 kV, (c) 15 kV, (d) 20 kV, (e) 25 kV, and (f) 30 kV. 
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Table 4.1 Quantitative data extracted from SEM images of PAN NFs in the voltage range 
from 10 to 30 kV. 
Sample Voltage 
(kV) 
da (nm) Ad 
(µm2) 
FA Ab 
(µm2) 
Fb 
V-3 10 131 ± 23 78.87 0.73 11.40 0.11 
V-4 15 234 ± 31 85.35 0.79 - - 
V-5 20 195 ± 47 90.79 0.84 30.90 0.28 
V-6 25 211 ± 43 96.45 0.89 18.81 0.17 
V-7 30 252 ± 50 100.97 0.93 15.06 0.14 
 
To determine the voltage which yields smooth fibre but is also associated with a continuous fibre 
ejection, the voltage range from 16 and 19 kV was selected with the narrower increment of 1 kV 
each time. The solution drop change in the voltage range from 16 to 19 kV is shown in Figure 
4.4. As expected, the continuous fibre ejection from Taylor cone with reasonably good stability 
was observed in this new voltage range.   
 
 
Figure 4.4 Optical images of solution drop formed at the needle tip as a function of 
voltage: (a) 16kV, (b) 17 kV, (c) 18 kV, and (d) 19 kV. 
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Under the influence of different voltage from 16 to 19 kV, the images of the resulted fibre mats 
with dimension information are presented in Figure 4.5. It can be seen that the smallest fibre mat 
was obtained at voltage of 16 kV, by increasing to the higher voltages from 17 to 19 kV, the size 
of the fibre mats was increased but no significant variations found amongst these three higher 
voltage values.   
 
Figure 4.5 Quantitative plot of da of electrospun fibre mat as a function of voltage of 16-19 
kV. The photos of electrospun PAN fibre mats are inserted. 
 
Figure 4.6 shows the morphology of electrospun PAN NFs deposited on Al foil collector with 
increasing voltage from 16 to 19 kV. In Figure 4.6(a), smooth fibres with high uniformity was 
observed at voltage of 16 kV. With further increasing voltage to higher values, only beaded fibres 
were found in Figure 4.6(b)-(d). The quantitative information extracted from SEM images of 
Figure 4.6 are listed in Table 4.2.  
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Figure 4.6 SEM images of electrospun PAN NFs deposited on Al collector at various 
voltages: (a) 16 kV, (b) 17 kV, (c) 18 kV, and (d) 19 kV. 
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Table 4.2 Quantitative data extracted from SEM images of PAN NFs in the voltage range 
from 16 to 19 kV. 
Sample Voltage 
(kV) 
da (nm) Ad 
(µm2) 
FA Ab 
(µm2) 
Fb 
V-8 16 223 ± 28 93.39 0.86 - - 
V-9 17 252 ± 52 90.63 0.83 2.87 0.03 
V-10 18 268 ± 51 95.51 0.88 4.82 0.04 
V-11 19 233 ± 58 90.64 0.83 11.55 0.11 
 
It was found in the current investigation of effect of voltage, there was not enough electrical forces 
induced on the electrified solution drop at the needle tip in the voltage range from 0 to 5 kV, as 
seen in Figure 4.1(a). This is consistent with other evidence shown in Figure 4.2 and Figure 
4.3(a). Similar result was reported by Liu and Adanur, who attributed the absence of the fibre 
ejection to the too low electrostatic forces induced when compare with the surface tension of the 
solution [26]. Although the fibre ejection was noticed from voltage of 10 kV, the continuous 
ejection only started from voltage of 16 kV, which was closely monitored by the camera. Within 
the continuous fibre ejection region (see Figure 4.2 and Figure 4.3), the diameter of thinnest fibre 
and thickest fibre is approximately 223 nm and 268 nm, which was obtained at 16 kV and 18 kV, 
respectively. 
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Figure 4.7 da of PAN NFs and FA per SEM image as a function of voltage from 10 to 30 
kV. 
As presented in Figure 4.7, no particular pattern of da of PAN NFs was observed with increasing 
voltage from 16 to 30 kV within the continuous fibre ejection region. Some authors claimed that 
with increased voltage, the resulted fibre diameter should increase because more polymer ejection 
occurred [102]. On the other hand, there are reports suggesting that the smaller fibre is formed at 
higher voltage due to the enhanced electrostatic repulsive forces on the polymer jet [20]. Due to 
the irregular pattern observed in the current study regarding to the average fibre diameter of 
electrospun PAN fibres with increasing voltage, it is not realistic to attribute such observation to 
either of the statements described as above. It worth to mentioned that besides the change of fibre 
diameter, the emergence of the beads was noticed for the electrospun fibres produced under the 
voltage magnitude greater than 16 kV. The formation of beads was reported as a prevalent 
problem associated with high voltage for electrospinning technique. Deitzel et al. correlated 
beaded morphology with spinning current, which can reflect the mass flow rate of electrified 
solution from needle tip to the collector, while other parameters were held the same [29]. Garg 
and Bowlin suggested that the jet velocity was increased as well as the polymer solution at needle 
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tip was consumed more quickly with increasing voltage [15]. This led to the violent oscillation of 
Taylor cone as well as the instability of the jet [15, 29]. The irregular fibre diameter change with 
increasing voltage observed in the current investigation might be likely attributed to the instability 
of the system at certain voltage range described as above, at least, to a certain extent. 
 
4.1.2 Tip-to-Collector Distance 
To follow the work in section 5.1.3, the effect of TCD was carried out in the TCD range from 5 
to 30 cm with each increment of 5 cm, while voltage and Q were fixed at 16 kV and 1.5 mL/h, 
respectively. Figure 4.8 shows the solution drop change in the TCD range from 5 to 30 cm. By 
consulting Figure 4.1, it was expected the solution drop with TCD of 5 cm at fixed voltage would 
experience the most elongation in the direction parallel to the needle axis. Indeed, the large 
solution drop on the needle tip was strongly attracted toward to collector shown in Figure 4.8(a). 
As TCD was increased to higher values from 10 to 30 cm, less attraction was witnessed and are 
presented in Figure 4.8(b)-(f). 
 
 
Figure 4.8 Optical images of solution drop formed at the needle tip as a function of TCD: 
(a) 5 cm, (b) 10 cm, (c) 15 cm, (d) 20 cm, (e) 25 cm, and (f) 30 cm. 
 
Under the influence of different TCD from 5 to 30 cm, the images of the resulted fibre mats with 
dimension information are presented in Figure 4.9. It can be seen that with increasing TCD from 
5 to 30 cm, size of PAN fibre mat was significantly increased. However, the thickness of the fibre 
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mat was reduced dramatically, in particular at higher TCD values from 25 to 30 cm. During to 
the extremely wide distribution of PAN NFs on the collector, the extract size of fibre mat was 
difficult to be determined, hence only photos of these two samples were inserted in Figure 4.9. It 
might be worth mentioning that, the changes in the fibre mat observed in Figure 4.9 are consistent 
with the ones presented for the continuous fibre ejection region in Figure 4.2. It seems now that 
the smaller fibre mat was favoured by the higher electrical field [102].   
 
Figure 4.9 Quantitative plot of da of electrospun PAN fibre mat as a function of TCD of 5-
20 cm. The photos of electrospun PAN fibre mats including with TCD at 25 and 30 cm are 
inserted. 
 
Figure 4.10 shows the morphology of electrospun PAN NFs deposited on Al foil collector with 
increasing TCD from 5 to 30 cm. As appeared in Figure 4.10(a), the resulted PAN NFs with TCD 
of 5 cm was greatly fused and lack of uniformity. The formation of the fused PAN NFs was likely 
caused by the insufficient flying time for the solvent evaporation, given by the short distance of 
5 cm. By increasing TCD to 10 cm or higher, the morphology of the fibres was greatly improved. 
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But the deposition area extracted from SEM images was hugely decreased. More quantitative 
information extracted from SEM images of Figure 4.10 are listed in Table 4.3.  
 
 
Figure 4.10 SEM images of electrospun PAN NFs deposited on Al collector at various 
TCD: (a) 5 cm, (b) 10 cm, (c) 15 cm, (d) 20 cm, (e) 25 cm, and (f) 30 cm. 
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Table 4.3 Quantitative data extracted from SEM images of PAN NFs in the TCD range 
from 10 to 30 kV. 
Sample TCD 
(cm) 
da (nm) Ad 
(µm2) 
FA Ab 
(µm2) 
Fb 
T-1 5 279 ± 94 98.59 0.91 13.07 0.12 
T-2 10 224 ± 39 91.70 0.84 - - 
T-3 15 256 ± 38 90.68 0.84 - - 
T-4 20 241 ± 33 66.70 0.61 - - 
T-5 25 197 ± 27 31.21 0.29 - - 
T-6 30 198 ± 25 31.60 0.29 - - 
 
To follow the selection rules set for the optimization of processing parameter described in section 
4.1, the smaller TCD range from 11 to 12 cm with each increment of 1 cm was selected for the 
further experiment. The solution drop change in the TCD range from 11 to 14 cm is shown in 
Figure 4.11. Little change of solution drop with increasing TCD was noticed. 
 
 
Figure 4.11 Optical images of solution drop formed at the needle tip as a function of TCD: 
(a) 11 cm, (b) 12 cm, (c) 13 cm, and (d) 14 cm. 
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Under the influence of different TCD from 11 to 14 cm, the images of the resulted fibre mats with 
dimension information are presented in Figure 4.12. With increasing TCD from 11 to 14 cm, a 
very steady increase in the size of PAN mats associated with decrease in thickness was observed.  
 
Figure 4.12 Quantitative plot of da of electrospun PAN fibre mat as a function of TCD of 
11-14 cm. 
 
Figure 4.13 shows the morphology of electrospun PAN NFs deposited on Al foil collector with 
increasing TCD from 11 to 14 cm. As shown in Figure 4.13, all the fibres were bead-free and 
with good uniformity. The quantitative information extracted from SEM images of Figure 4.13 
are listed in Table 4.4.  
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Figure 4.13 SEM images of electrospun PAN NFs deposited on Al collector at various 
TCD: (a) 11 cm, (b) 12 cm, (c) 13 cm, and (d) 14 cm. 
 
Table 4.4 Quantitative data extracted from SEM images of PAN NFs in the TCD range 
from 11 to 14 cm. 
Sample TCD 
(kV) 
da (nm) Ad 
(µm2) 
FA Ab 
(µm2) 
Fb 
T-7 11 254 ± 32 94.38 0.87 - - 
T-8 12 238 ± 40 91.96 0.85 - - 
T-9 13 242 ± 31 96.50 0.89 - - 
T-10 14 236 ± 32 96.40 0.89 - - 
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Figure 4.14 da of PAN NFs and FA per SEM image as a function of TCD from 5 to 30 cm. 
 
In general, it can be seen that with increasing TCD the average diameter was generally decreased 
in Figure 4.14. The thickest fibre diameter in the investigation of effect of TCD was obtained at 
TCD of 5 cm, which was due to the too short evaporation time, given by strong electrical field. 
The large diameter variation observed in the same case is due to the formation of fused fibres due 
to the insufficient time required for the solvent evaporation before hit the collector. Besides 
sample T-1 collected at TCD of 5 cm, the relatively good uniformity of the fibres were obtained 
for samples electrospun at TCD of 10 to 30 cm. The longer distance permitted the sufficient fibre 
stretching, hence smallest diameter approximately at 198 nm was obtained at higher TCD from 
25 to 30 cm. Apart from the trend observed in the fibre diameter against increasing TCD, the 
change on the FA per SEM image was more magnificent. As presented in Figure 4.10, the least 
deposition area per SEM image was found in sample T-5 and T-6 which associated with higher 
TCD at 25-30 cm. The scarce deposition at higher TCD is likely due to the less polymer ejection 
caused by the weaker electrical field, induced by the fixed voltage to increased TCD [102]. 
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4.1.3 Flow Rate 
Based on the analysis of the results obtained from section 4.1.1 and 4.1.2, two different TCD at 
10 and 14 cm were likely to yield optimized fibrous morphology. For this reason, the effect of Q 
was carried out at 10 and 14 cm, respectively. Figure 4.15 shows the solution drop change in the 
Q range from 0.5 to 3 mL/h with each increment of 0.5 mL/h, while TCD was fixed at 10 cm. The 
solution drop change in the same Q range with TCD of 14 cm is presented in Figure 4.16.  
 
 
Figure 4.15 Optical images of solution drop formed at the needle tip as a function of Q 
with TCD of 10cm: (a) 0.5 mL/h, (b) 1 mL/h, (c) 1.5 mL/h, (d) 2 mL/h, (e) 2.5 mL/h, and (f) 
3 mL/h. 
 
 
Figure 4.16 Optical images of solution drop formed at the needle tip as a function of Q 
with TCD of 14cm: (a) 0.5 mL/h, (b) 1 mL/h, (c) 1.5 mL/h, (d) 2 mL/h, (e) 2.5 mL/h, and (f) 
3 mL/h. 
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In the cases with TCD of 10 cm, the status of the solution drop in the middle range of Q from 1 
to 2 mL/h looked similar in Figure 4.13(b)-(d). However, the solution drops with Q of 0.5 and 
2.5-3 mL/h, experienced very unstable events. At Q of 0.5 mL/h, the fibre ejection in Figure 
4.15(a) was found originated from the inside of the needle tip. As for Q at 2.5-3 mL/h, more than 
one jet was initiated from the solution drop as seen in Figure 4.15(e)-(f). In comparison with 
TCD of 14 cm, only the solution drop with Q of 0.5 mL/h showed unstable activity around the 
needle in Figure 4.16(a). Whereas for the Q with higher rate, the status of the solution drop was 
very similar to each other, as presented in Figure 4.16(b)-(f).  
 
Under the influence of different Q from 0.5 to 3 mL/h with TCD of 10 and 14 cm, the images of 
the resulted fibre mats with dimension information are presented in Figure 4.17.  
 
Figure 4.17 Quantitative plot of da of electrospun PAN fibre mat as a function of Q of 0.5-
3 mL/h with TCD of 10cm and 14 cm, respectively. The photos of electrospun PAN fibre 
mats are inserted. 
 
As indicated in black, the size of the fibre mat at TCD of 10 cm was firstly decreased by increasing 
Q from 0.5 to 1 mL/h, then started to increase with further increasing Q from 1 to 3 mL/h. The 
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enormous size of fibre mat observed with Q of 3 mL/h was thought to be the result of multi-jet 
ejection. In contrast, at TCD of 14 cm the fibre mat size almost shown no change with increasing 
Q. 
 
Figure 4.18 shows the morphology of electrospun PAN NFs deposited on Al foil collector with 
increasing Q from 0.5 to 3 mL/h at TCD of 10 cm. It can be seen that with Q from 0.5 to 2 mL/h, 
the resulted PAN NFs were highly beaded in Figure 4.18(a)-(d). By increasing Q increased to 
2.5-3 mL/h, smooth fibres were resulted in Figure 4.18(e)-(f). On the other hand, when TCD of 
14 cm was applied. The resulted fibres were generally smooth with one exception when Q was 
0.5 mL/h, as evidenced in Figure 4.19. The quantitative information extracted from the SEM 
images of Figure 4.18-Figure 4.19 are listed in Table 4.5. A plot of da of PAN NFs with various 
Q at two different TCD, 10 cm and 14 cm are presented in Figure 4.20. 
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Figure 4.18 SEM images of electrospun PAN NFs deposited on Al collector with various Q 
at TCD of 10 cm: (a) 0.5 mL/h, (b) 1 mL/h, (c) 1.5 mL/h, (d) 2 mL/h, (e) 2.5 mL/h, and (f) 3 
mL/h. 
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Figure 4.19 SEM images of electrospun PAN NFs deposited on Al collector with various Q 
at TCD of 14 cm: (a) 0.5 mL/h, (b) 1 mL/h, (c) 1.5 mL/h, (d) 2 mL/h, (e) 2.5 mL/h, and (f) 3 
mL/h. 
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Table 4.5 Quantitative data extracted from SEM images of PAN NFs with various Q 
ranging from 0.5 to 3 mL/h at TCD of 10 and 14 cm. 
Sample 
Q 
(mL/h) 
TCD 
(cm) 
da (nm) 
Q-1 0.5 10 189 ± 46 
Q-2 1 10 185 ± 63 
Q-3 1.5 10 186 ± 65 
Q-4 2 10 205 ± 34 
Q-5 2.5 10 243 ± 41 
Q-6 3 10 251 ± 27 
Q-7 0.5 14 196 ± 48 
Q-8 1 14 267 ± 30 
Q-9 1.5 14 252 ± 37 
Q-10 2 14 257 ± 36 
Q-11 2.5 14 254 ± 33 
Q-12 3 14 252 ± 33 
 
After the optimization of voltage and TCD from section 4.1.1 and 4.1.2, both TCD of 10 cm and 
14 cm were chose to study the effect of Q from 0.5 to 3 mL/h. Unlike the results obtained for 
sample T-2 shown in Figure 4.10, sample Q-2 with same processing parameters showed beaded 
structure within the fibres. The discrepancy of the results from two batches can be attributed to 
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the combining effect from other uncontrolled parameters, such as temperature, humidity, and 
slight concentration difference, etc. With TCD of 10 cm, the beads disappeared when Q increased 
to 2.5 mL/h or more. Whereas for TCD of 14 cm, only sample Q-7 with Q of 0.5 mL/h contained 
beads. Similar to the effect of voltage, no significant impact of Q on the fibre diameter for each 
TCD was observed in Figure 4.20 for both TCD. However, it was found that the diameter of 
electrospun fibres with TCD of 14 cm larger than the one with 10 cm. The smaller diameter 
observed in the cases with TCD of 10 cm is likely due to the stronger electrostatic repulsive force 
induced on the fibre jet [20].  
 
By recalling Figure 4.15 and Figure 4.16, it can be seen that Q did show significant impact on 
the bead formation within the electrospun fibres. The solution drop was receded into the needle 
tip with Q of 0.5 mL/h from a hemispherical shape for a stable condition. This change in the shape 
and volume of the solution drop on the needle tip suggested that the rate of solution drop was 
consumed much more quickly than the rate it was delivered to the needle [23]. By increasing Q 
to 1-2 mL/h, the fibres obtained with TCD of 14 cm were all smooth with good uniformity, 
suggesting the stable state of electrospinning. While the fibres with TCD of 10 cm remained 
beaded, the good balance was restored when Q reached 2.5-3 mL/h. The change in the 
morphology from beaded fibre to smooth fibre, suggested that the quicker consumption of 
solution at needle tip was compensated by the increased Q.  
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Figure 4.20 da of PAN NFs as a function of Q from 0.5 to 3 mL/h with two different TCD, 
10 cm and 14 cm. 
 
4.1.4 Long Stability and High Reproducibility 
According to the data shown in Table 4.5, when Q value was greater than 0.5 mL/h while voltage 
of 16 kV and TCD of 14 cm were applied, good fibres with high uniformity were resulted. While 
little difference was notice on deposition area in Figure 4.17, Figure 4.19 and Table 4.5, to 
discover the processing parameters with high reproducibility as well as long stability; Q at 1 and 
1.5 mL/h were selected for the longer deposition at 70 and 120 min, respectively. Figure 4.21 
shows the morphology of electrospun PAN NFs deposited on Al foil collector with Q at 1 and 1.5 
mL/h for 70 and 130 min, respectively. In Figure 4.21(a), the processing parameters with Q of 1 
mL/h which can yield smooth fibre in Figure 4.19(b) resulted the beaded fibres with da of 247 ± 
58 nm at longer deposition time, reflecting its poor reproducibility and high instability of sample 
D-1. On the other hand, by using Q of 1.5 mL/h with 16 kV and 14 cm, the fibres maintained their 
high uniformity and were bead-free, as shown in Figure 4.21(b). The resulted da for sample D-2 
was measured to be 255 ± 42 nm. 
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Figure 4.21 SEM images of electrospun PAN NFs deposited on Al collector with voltage of 
16 kV and TCD of 14 cm at various Q: (a) 1 mL/h for 70 min, and (b) 1.5 mL/h for 120 
min. 
 
Figure 4.22 presents the diameter fluctuation of PAN NFs produced at this optimized conditions, 
where voltage, TCD and Q were maintained at 16 kV, 14 cm ad 1.5 mL/h, respectively from 
section 5.11, 5.12, 5.13, and 5.14. The sample name for each point is presented next to it in Figure 
4.22. The detailed experimental condition for each sample can be found in section 4.1.1. Again, 
the small fluctuation observed here indicated that the optimized processing parameters of 16 kV, 
14 cm and 1.5 mL/h possessed high reproducibility and long stability.  
 
Figure 4.22 Summary of the da of PAN NFs electrospun with the optimized processing 
parameters collected from different samples. 
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 Solution Parameter 
4.2.1 Solution Concentration 
The optimized processing parameters obtained with fixed PAN concentration (C) of 12 wt% in 
section 5.1.4 were fixed in the current section, in order to investigate the effect of various PAN 
solution concentrations, ranging from 2 to 16 wt% with each increment of 2 wt%. Under the 
influence of different C from 2 to 16 wt% at deposition time of 2 and 10 min, the images of the 
resulted PAN mats with dimension information are presented in Figure 4.23.  
 
 
Figure 4.23 Quantitative plot of da of PAN mat as a function of C from 2 to 16% at 
deposition time of 2 and 10 min, respectively. The photos of PAN mats on Al foil collectors 
are inserted. 
 
In the same deposition time of 10 min, the largest PAN mat was obtained at 10 wt%. With further 
increasing C, the size of PAN mat decreased while the thickness was increased. Baumgarten 
investigated the relationship between the length of the straight segment and PAN solution 
concentration [27]. It was found that the formation of fibre jet was formed when the C was 
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increased to 7.5 wt% [27]. By increasing C to 17.5 wt%, the straight jet length was increased from 
~1 to < 20 mm [27]. The observation made by Baumgarten, in fact might be as well able to explain 
the size change of PAN mat observed in Figure 4.23. At fixed TCD, with higher concentration 
the ratio of straight jet to the TCD was higher, hence reducing the distance for bending instabilities. 
In addition, higher concentration resulted in higher viscosity which provide better resistance in 
opposition to bend. For both reasons, the smaller size of PAN mat was found at higher 
concentrations in Figure 4.23.  
 
For the same reasons, it is expected that the thicker diameter resulted from higher concentration. 
The morphology of electrospun PAN NFs deposited on Al foil collector with increasing C from 
2 to 16 wt% at deposition time of 2 and 10 min are respectively shown in Figure 4.24 and Figure 
4.25. The quantitative information of fibres extracted from SEM images of Figure 4.24 and 
Figure 4.25 are listed in Table 4.6. It can be seen that with C in the range of 2% to 6%, the 
morphology of the resulted PAN products was bead predominant. Whereas in the higher C region 
from 8% to 16%, the resulted morphology was transformed into fibre dominated and ultimately 
smooth fibre with thicker diameter. As proposed by Wang and Kumar, the origin of the bead 
formation can be caused by two factors, high surface tension and poor polymer entanglement of 
solution [31]. It was pointed out with increasing solution concentration, the polymer chain 
entanglement was increased while no significant change was found on surface tension of the 
solution [31]. In this regard, the morphology transition from beads only to beaded fibres, and 
finally to the smooth fibres with increasing PAN solution concentration observed in the current 
study, which can be attributed mainly to the increased polymer chain entanglement in the 
increased PAN solution [31]. 
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Figure 4.24 SEM images of electrospun PAN products deposited on Al collector for 2min 
at various concentrations: (a) 2%, (b) 4%, (c) 6%, (d) 8%, (e) 10%, (f) 12%, (g) 14%, and 
(h) 16%. 
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Figure 4.25 SEM images of electrospun PAN products deposited on Al collector for 10min 
at various concentrations: (a) 2%, (b) 4%, (c) 6%, (d) 8%, (e) 10%, (f) 12%, (g) 14%, and 
(h) 16%. With an exception for 16% with 8min30s deposition time. 
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Table 4.6 Quantitative data for da of PAN NFs with various PAN solution C from 6 to 
16% at deposition time of 2min, and 10min, respectively. 
Sample C (%) Intended deposition time (min) Actual deposition time (min) da (nm) 
C-4 8 2 2 44 ± 9 
C-5 10 2 2 72 ± 18 
C-6 12 2 2 246 ± 30 
C-7 14 2 2 302 ± 40 
C-8 16 2 2 467 ± 45 
C-12 8 10 10 50 ± 12 
C-13 10 10 10 76 ± 23 
C-14 12 10 10 250 ± 39 
C-15 14 10 10 315 ± 36 
C-16 16 10 8.5 481 ± 38 
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Due to the same reason, a linear relationship between the average fibre diameter of PAN fibres 
and PAN solution concentration from 8% to 16% was found at two different time duration, 2min 
and 10 min, as shown in Figure 4.26. Similar observation was also reported by other authors [31, 
35]. 
 
Figure 4.26 Plot of average diameter of the fibres versus concentration from 2 to 16 wt% 
at two different deposition time of 2 and 10 min.   
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 Summary 
In summary, the effect of four parameters, voltage, TCD, Q and solution concentration on the 
morphology of the deposited PAN materials was investigated in this chapter. The study on the 
effect of processing parameters was carried out at fixed PAN solution concentration of 12 wt%. 
In this study, it was found that both voltage and Q have little impact on the fibre diameter. 
However, both parameters contributed to the formation of beads. In the investigation of voltage, 
while TCD and Q controlled at 15 cm and 1.5 mL/h, the formation of beads were observed when 
voltage was greater than 16 kV. Two different TCD, 10 cm and 14 cm were applied to study the 
effect of Q from 0.5 to 3 mL/h. The beaded fibres occurred when the mass imbalance occurred at 
solution drop attached to the needle tip. It was found that a minimum Q was required in order to 
avoid the mass imbalance. In the case of TCD of 14 cm, the minimum Q for long hour deposition 
was 1.5 mL/h (see Figure 4.21), although the minimum Q of 1 mL/h was observed for short 
deposition in Figure 4.19(b). Whereas for TCD of 10 cm, the minimum Q was established to be 
2.5 mL/h, which was the threshold value to maintain the balance between the rate of the jet 
consumed from the solution drop at needle tip to the collector and the rate of delivery of solution 
to the needle tip [29]. The reason for TCD of 10 cm having larger Q to achieve a stable 
electrospinning condition was forced by the larger electrical field induced by the same magnitude 
of voltage to smaller TCD. Hence, faster rate of solution being consumed to eject fibre jet from 
the solution drop was expected. To balance the loss of the solution volume at the solution drop, 
the larger Q was required. With increasing TCD, a regular pattern of average diameter of the 
electrospun PAN fibres and more deposition area per SEM image was observed. The decreased 
fibre diameter with increasing TCD was due to the longer stretching time given by the increased 
distance between the needle-tip to the collector. The less deposition area per SEM image was due 
to attractive electrostatic force was weakened by increasing TCD with fixed voltage. The 
optimized processing parameters was established as voltage of 16 kV, TCD of 14 cm, and Q of 
1.5 mL/h. Five individual experiments were carried out to confirm the good reproducibility and 
long stability of the optimized processing parameters. Small variation of fibre diameter ranging 
116 
 
from approximately 236 to 255 nm was observed. The effect of C was also investigated by fixing 
the processing parameters on the optimized value. It was found that with increasing C from 2 to 
16%, the morphology of PAN product changed from beads only to beaded fibres, and finally 
smooth fibres. The reasons for the morphological change observed was due to the increasing 
polymer chain entanglement with increasing C. At low C from 2 to 6%, the ejected polymer jet 
was broken up into electrified droplets due to the surface tension, which preferred to be in 
spherical shapes with small surface area per unit mass [14]. With increasing C to 8-16%, the 
increased polymer chain entanglement provided the enhanced resistance for fluid jet against 
surface tension, and hence to encourage the formation of the fibre. It was found that with 
increasing concentration, the diameter of the PAN NFs was increased from approximately 47 to 
474 nm with increasing C from 8 to 16%.  
 
Although many data available in literature about various electrospinning parameters, a large 
variation of final chosen parameters can be found due to the different system setup. It is important 
to carry out and gain understanding though the optimization process which was specific used in 
this project, therefore the desired morphology can be obtained and tuned if necessary. The 
optimization method presented in this work can be applied to any electrospinning system. As an 
outcome, the information regarding to the optimized processing parameters with effect of C 
acquired in Chapter 4 was further applied in the fabrication of thick PAN NFs mat with the 
desirable fibre morphology, which was used as starting material and substrate material for 
marking CNFs in Chapter 5 and CNWs-CNFs in Chapter 6, respectively.  
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5 Fabrication and Characterisations 
of CNFs  
 
 SEM 
To verify the reproducibility of the optimized processing parameters obtained from Chapter 4, the 
PAN NFs studied in Chapter 5 were prepared from 14% PAN solution concentration with 
processing parameters of 16 kV, 14 cm, and 1.5 ml/h. Figure 5.1 shows that the resulted 
electrospun NFs with smooth appearance without no sign of beads, confirming that the 
electrospinning condition for this PAN sample was stable. As indicated by the inset of Figure 5.1, 
the diameter of electrospun PAN NFs exhibited a normal distribution and da was measured to be 
306 ± 35 nm, which is very close to the value obtained in Table 4.6 of Chapter 4, further 
confirming the good reproducibility of the optimized processing parameters.  
 
 
Figure 5.1 SEM image of PAN NFs electrospun from 14% PAN solution with optimized 
processing parameters of 16 kV, 14 cm and 1.5 ml/h. The average fibre diameter 
distribution plot counted from 100 fibres is inserted as an inset. 
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After oxidative stabilisation process, the PAN NFs was slightly reduced to approximately 281 nm, 
while the general morphology of the fibre shows little change, as evidenced in Figure 6.2. To 
investigate the characteristics of PAN derived CNFs, the stabilized PAN NFs (sample SPAN) was 
carbonized at various carbonization temperatures, ranging from 500 to 1000 °C. 
 
 
Figure 5.2 SEM image of electrospun PAN NFs after oxidative stabilisation process. The 
average fibre diameter distribution plot counted from 100 fibres is inserted as an inset. 
 
Similar to the change brought by stabilisation, the morphology of the fibres remained similar to 
the original fibres while there is a fibre diameter reduction associated. As presented in Figure 
5.3-Figure 5.8, da is reduced progressively with increasing carbonization temperature. 
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Figure 5.3 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 500 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
 
 
Figure 5.4 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 600 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
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Figure 5.5 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 700 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
 
 
Figure 5.6 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 800 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
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Figure 5.7 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 900 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
 
 
Figure 5.8 SEM image of stabilized PAN NFs after carbonization process at carbonization 
temperature of 1000 °C. The average fibre diameter distribution plot counted from 100 
fibres is inserted as an inset. 
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The da of electrospun PAN NFs treated various conditions was summarized in Table 5.1.   
 
Table 5.1 Summary of change of da with various heat treatments. 
Sample Description Carbonization temperature (°C) da (nm) 
PAN Electrospun PAN NFs - 306 ± 35 
SPAN Stabilized PAN NFs - 281 ± 26 
CNF-500 
Carbonized PAN NFs at 
various carbonization 
temperatures 
500 260 ± 22 
CNF-600 600 235 ± 22 
CNF-700 700 230 ± 21 
CNF-800 800 216 ± 23 
CNF-900 900 203 ± 21 
CNF-1000 1000 187 ± 19 
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The linear relationship between da and carbonization temperature is plotted in Figure 5.9. 
 
Figure 5.9 Quantitative relationship between the average fibre diameter of CNFs and 
carbonization temperatures. 
 
As reviewed in Chapter 2, the reduction on the fibre diameter after heat treatments: stabilisation 
and carbonization are known as a result of non-carbon removal process associated with the 
evolution of various gases, H2O, HCN, N2 and others [77]. 
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 FTIR 
FTIR spectra of PAN NFs treated with various heat treatments are presented in Figure 5.10. 
Figure 5.10(a) shows a typical FTIR spectrum of PAN, which exhibited peaks at 2243 cm-1, 2938 
cm-1, 1452 cm-1, 1359 cm-1, and 1253 cm-1. These FTIR peaks are attributed to the presence of 
nitrile (C≡N) group, and various aliphatic CH groups, including CH, CH2 and CH3, respectively 
[73]. FTIR peak appears at 1666 cm-1 attributed to C=O group is considered to be originated from 
residual DMF solvent due to the insufficient solvent evaporation during the electrospinning 
process [103]. In the FTIR spectrum of as-purchased PAN powders, such peak is absent [104].  
 
Figure 5.10 FTIR spectra of PAN NFs with various heat treatments: (a) PAN, (b) SPAN, 
(c) CNF-500, (d) CNF-600, (e) CNF-700, (f) CNF-800, (g) CNF-900 and (h) CNF-1000. 
 
After the oxidative stabilisation, the intensity of the characteristic FTIR peaks for PAN is greatly 
reduced and this particularly obvious for C≡N group which is located at 2243 cm-1 [71]. 
Concurrently, there are several new peaks arisen at ~1710 cm-1, 1579 cm-1, and 805 cm-1 in Figure 
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5.10(b). These newly formed peaks are respectively assigned to C=O, a mix of C=N, C=C and 
N-H groups, and C=C-H groups [105]. The above noted changes observed in Figure 5.10(b) are 
good indications revealing the chemistry change of PAN NFs during the stabilisation process, 
cyclization, crosslinking, dehydrogenation, and oxidation [106]. The ladder structure with good 
heat resistance can be formed upon to the completion of stabilisation process in air [55] and which 
then allows the survival of fibrous morphology of PAN without melting during the subsequent 
carbonization process at higher temperature in an inert atmosphere. By using low carbonization 
temperature of 500 ºC, the FTIR spectrum of CNF-500 in Figure 5.10(c) shows a high similarity 
with Figure 5.10(b) for stabilised PAN NFs, with only small difference which is the 
disappearance of C=O peak at ~1710 cm-1. By increasing the carbonization temperature to 600-
800 ºC, the FTIR peaks assigned to C-H vibrations at 1452 cm-1, 1359 cm-1, and 1253 cm-1 are 
merged into one broad peak, as shown in Figure 5.10(d)-(f). With further increasing 
carbonization temperature to 900-1000 ºC, very few functional groups can be seen in Figure 
5.10(g)-(h), which is caused by the high absorbance of carbon products [73]. The assignment of 
main peak of PAN NFs treated with various heat treatments is summarized in Table 5.2. 
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Table 5.2 Assignment of main FTIR peaks of PAN NFs treated with various heat 
treatments. 
Sample 
FTIR peak position (cm-1) 
C≡N 
C-H  
stretching 
C-H 
vibrations 
C=O 
C=N, 
C=C, 
N-H 
C=C-H 
PAN 2243 2938 
1452, 1359, 
1253 
1666 - - 
SPAN 2228 - 1364, 1251 1710 1579 805 
CNF-500 2227 - 1354,1276 - 1575 804 
CNF-600 - - 1258 - 1574 802 
CNF-700 - - 1178 - 1557 - 
CNF-800 - - 1101 - 1537 - 
CNF-900 - - - - - - 
CNF-1000 - - - - - - 
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 Raman 
Raman spectra of SPAN sample carbonized with various carbonization temperatures ranging 
from 500 to 1000 °C, are correspondingly presented from Figure 5.11 to Figure 5.16. By 
adhering to the Gaussian–Lorentzian mixed shape, two deconvoluted Raman peaks locate at 
around 1346 cm-1 and 1580 cm-1 are attributed to D peak and G peak, respectively [86]. The 
extract peak position of D peak and G peak for each carbonized PAN samples is listed in Table 
5.3. Having both D peak and G peak signifies that the PAN derived CNFs possessing a turbostratic 
structure. It is revealed that the imperfect microstructural nature of carbonized PAN NFs, 
including poor alignment of basal planes, various defects and dislocations [49].  
 
 
Figure 5.11 Raman spectrum of sample CNF-500.  
 
128 
 
 
Figure 5.12 Raman spectrum of sample CNF-600.  
 
 
Figure 5.13 Raman spectrum of sample CNF-700.  
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Figure 5.14 Raman spectrum of sample CNF-800.  
 
 
Figure 5.15 Raman spectrum of sample CNF-900.  
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Figure 5.16 Raman spectrum of sample CNF-1000.  
 
Table 5.3 Summary of details extracted from Raman spectra of CNFs carbonized with 
various carbonization temperatures, ranging from 500 to 1000°C. 
 
Sample  vD (cm-1) vG (cm-1) R-value La (nm) xG 
CNF-500 1351 ± 4 1576 ± 3 2.22 ± 0.11 2.62 ± 0.13 0.30 ± 0.01 
CNF-600 1346 ± 3 1577 ± 1 1.93 ± 0.03 3.01 ± 0.05 0.34 ± 0.00 
CNF-700 1347 ± 3 1574 ± 10 1.54 ± 0.08 3.77 ± 0.21 0.39 ± 0.01 
CNF-800 1342 ± 18 1586 ± 5 1.20 ± 0.10 4.84 ± 0.42 0.45 ± 0.02 
CNF-900 1350 ± 5 1578 ± 6 1.15 ± 0.03 5.06 ± 0.12 0.47 ± 0.01 
CNF-1000 1347 ± 14 1592 ± 4 1.12 ± 0.11 5.24 ± 0.65 0.47 ± 0.02 
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As observed in all presented Raman spectra of CNFs, the ratio of D peak to G peak, denoted as 
R-value is decreased with increasing carbonization temperature from 500 to 1000 °C. It is well-
known that the R-value is an important parameter to evaluation the graphitization degree of CNFs. 
By using the empirical equation shown in Equation 2.2 [87], La of graphitic crystallite was 
calculated. It was found that with increasing carbonization temperature the crystallite size is 
increased from approximately 2.62 to 5.24 nm, as shown in Figure 5.17 and summarized in Table 
5.3.  
 
By following the Equation 3.4, the mole fraction of graphite, XG can be obtained. The change of 
XG as a function of 1000/T was plotted and is shown in Figure 5.18. By Ln both side of Equation 
2.4, as shown in Equation 2.5, the new plot of Ln XG versus 1000/T can be obtained and is 
presented in Figure 5.19. The activation energy required for the growth of the graphitic crystallite 
from 2.62 to 5.24 nm with increasing 500 to 1000 °C was 7570 J/mol.  
 
Figure 5.17 R-value and La of CNFs as function of carbonization temperature. 
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Figure 5.18 The relationship between XG and 1000/T. 
 
 
Figure 5.19 The relationship between Ln XG and 1000/T. 
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 TEM 
To further characterize carbonized PAN NFs (i.e. denoted as CNFs) with various carbonization 
temperatures, ranging from 500 to 1000 ºC, the low magnification TEM images with selected area 
electron diffraction (SAED) patterns are summarized in Figure 5.20. It can be seen that the 
morphology of the CNFs is smooth which is highly resemble to the ones observed by SEM images 
shown in Figure 5.3-5.8. In addition, the similar trend on the fibre diameter with increasing 
carbonization temperature from 500 to 1000 ºC is also noticed. More interestingly, with increasing 
carbonization temperature the SAED pattern of the CNFs is developed from a very diffusive type 
to a well-defined ring type. This development observed in the SAED patterns revels that degree 
of crystallinity of the CNFs was increased. 
 
 
Figure 5.20 Low magnification TEM images of CNFs with various carbonization 
temperatures from 500 to 1000°C: (a)-(b) CNF-500, (c)-(d) CNF-600, (e)-(f) CNF-700, (g)-
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(h) CNF-800, (i)-(j) CNF-900 and (k)-(l) CNF-1000. The SAED patterns of CNFs are 
inserted at top right corner.  
 
To get closer look of the morphology or microstructure of the CNFs, high resolution TEM 
(HRTEM) characterisation was carried out and their HRTEM images are shown in Figure 5.21. 
The main matrix of the fibre is seen to be made of amorphous in nature. Nevertheless, small 
portion of crystalline phase is noticed locating at surface layer of the fibre as well as randomly 
scattered distributing within the core of the fibre.   
 
 
Figure 5.21 HRTEM images of CNFs with various carbonization temperatures from 500 
to 1000°C: (a) CNF-500, (b) CNF-600, (c) CNF-700, (d) CNF-800, (e) CNF-900 and (f) 
CNF-1000.  
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 Impedance spectroscopy 
Impedance spectra of four CNFs heat treated at carbonization temperatures ranging from 500 to 
800°C, in the form of Cole-Cole plots, are presented in Figure 5.22-Figure 5.25. By utilizing an 
approach similar to that described in the previous studies, the Cole-Cole plots can be fitted using 
four different equivalent electrical circuits [95, 107, 108].The complex impedance can be 
expressed by using Equation 2.6. 
 
Figure 5.22 shows the Cole-Cole plot of PAN derived CNFs formed at a carbonization 
temperature of 500°C. This plot features an arc-shaped curve, which indicates the presence of an 
RpC parallel component within the equivalent circuit. After fitting the Cole-Cole plot, the inserted 
circuit in Figure 5.22 can be used to describe the dielectric behaviour as shown in Equation 3.1. 
RpC parallel circuit represents the internal conduction path between the electrodes.  
 
 
Figure 5.22 Cole-Cole plot of sample CNF-500. The electrical circuit of Rs(Rp//C) 
generated from the fitting curve is inserted as inset.  
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As the carbonization temperature increases to 600°C, the shape of the Cole-Cole plot alters to 
form a distorted semicircle, which implies that the capacitive element is behaving as a non-ideal 
capacitor. In this situation, the capacitance within RpC parallel circuit will be replaced by constant 
phase element (CPE). Thus, the fitting curve of Cole-Cole plot for sample CNF-600 in Figure 
5.23 follows Equation 3.2. In Equation 3.2, Q is the pre-factor of CPE, and n is exponent, which 
can vary from 0 to 1 to represent the electrical circuit element changed from ideal resistor to ideal 
capacitor. As illustrated for sample CNF-500 in Figure 5.22, Equation 3.1 can be used to best 
fit the Cole-Cole plot. Indeed, Equation 3.1 is a simplified version of Equation 3.12 where n = 
1 and CPE acts as an ideal capacitor. 
 
 
Figure 5.23 Cole-Cole plot of sample CNF-600. The electrical circuit of Rs(Rp//CPE) 
generated from the fitting curve is inserted as inset. 
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Figure 5.24 Cole-Cole plot of sample CNF-700. The electrical circuit of Rs(((CPE)(L))//Rp) 
generated from the fitting curve is inserted as inset. 
 
By further increasing the carbonization temperature to 700°C, the measured impedance data of 
sample CNF-700 in Figure 5.24 exhibits a shape similar to candy cane, which is situated at 
Quadrant IV of the Cole-Cole plot. The appearance of impedance data at this particular position 
on the Cole-Cole plot indicates the emergence of inductive element and a CPE with residual 
capacitive effect. The fitting curve thus can be described by using Equation 3.3. 
 
When the carbonization temperature reaches 800°C, the ‘handle’ part of the ‘candy cane’ 
disappears, whereas the ‘stick’ part is slightly tilted on Quadrant IV of the Cole-Cole plot, as 
presented in Figure 5.25 for sample CNF-800. As observed from previous three PAN derived 
CNFs, the capacitive effect of CPE element is deteriorating with increasing carbonization 
temperature, the fitting curve for sample CNF-800 can be described using Equation 3.4. 
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The fitting curves were optimized to better fit the plot by tuning the numerical values of electrical 
circuit elements for each mathematical model, as described in Equation 3.1 to Equation 3.4.  
 
 
Figure 5.25 Cole-Cole plot of sample CNF-800. The electrical circuit of Rs(Rp//L) 
generated from the fitting curve is inserted as inset. 
 
The selected numerical values of electrical circuit elements for each electrical circuit and its 
associated fitting errors are summarized in Table 5.4.  
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Table 5.4 Numerical values of electrical circuit elements extracted from the fitting of Cole-
Cole plots by using Matlab. 
Sample Ra Rp C 
CPE 
L Error (%) 
Q n 
CNF-500 2.49 kΩ 0.91 GΩ 7.38 pF - - - 5.85 
CNF-600 1.1 kΩ  0.18 MΩ - 1 nMho 0.7 - 5.26 
CNF-700 34.9 Ω 249 Ω - 0.1 Mho 0.04 2.82 µH 1.32 
CNF-800 7 Ω 52 Ω - - - 2.14 µH 0.81 
Error is defined as 
1
𝑛
∑ (√(𝑥𝑖
2 − 𝑅𝑒𝑖
2)
2
+ (𝑦𝑖
2 − 𝐼𝑚𝑖
2)
2
√(𝑅𝑒𝑖
2 + 𝐼𝑚𝑖
2⁄𝑛𝑖=0 )), where xi and yi are 
the fitting data on real and imaginary part of impedance. Rei and Imi represent the measured 
impedance data. i is the total measurement point. 
 
In order to develop a thorough understanding on the dielectric transition of carbonized PAN fibres 
formed at different carbonization temperatures ranging from 500 to 800°C, a firm grasp of the 
microstructural evolution of PAN fibres during the carbonization process is critical. Considering 
two fabrication procedures of PAN derived CNFs before carbonization, quicker solvent 
evaporation on the fibre surface during the electrospinning and oxygen diffusion-controlled of 
stabilisation process both encourage the formation of skin-core structure [74]. In recent TEM 
studies, Rafique et al and Hendi et al. have confirmed that the PAN derived CNFs possess a skin-
core structure, which has better graphitized surface layer, whereas the inner part is composed of 
both graphitic layers and amorphous area [71, 109]. On the other hand, several pioneering studies 
have suggested that carbonized PAN fibres can be viewed as a composite material [110], which 
has matrix phase made of uncarbonized intermediate phases with pores, and a dispersed phase 
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formed by a chaotic collection of graphitic layers [111]. Indeed, such skin-core structure is 
gradually developed from sample CNF-500 to CNF-800, as shown in Figure 5.22-5.25. By 
comparing to the reported one [71], the less pronounced graphitic layers observed in the current 
cases are attributed to the combining effect of lower carbonization temperatures and thicker PAN 
NFs. Based on these findings, Figure 5.22 shows a simplified microstructural model of PAN 
derived CNFs formed at carbonization temperatures from 500 to 800°C, as proposed for the 
current investigation. In Table 5.4, the contact resistance Rs and parallel resistance Rp of PAN 
derived CNFs is monotonically decreased from 2.49 kΩ and 0.91G Ω to 7 Ω and 52 Ω, as 
carbonization temperature increased from 500 to 800°C. For the fibers carbonized at 500°C, a 
parallel RpC circuit has been fitted from the Cole-Cole plot as shown in Figure 5.22. The 
capacitance extracted from Cole-Cole plot is at picofarad level, which indicates the dielectric 
nature of sample CNF-500. This is likely due to the formation of low concentration of conducting 
phases, including isolated graphitic layers and amorphous carbon, as evidenced by the presence 
of both D peak and G peak of Raman spectra in Figure 5.11-5.16. They are randomly dispersed 
within the uncarbonized intermediate phases, as illustrated in Figure 5.26. Considering there is 
only one RpC parallel component for sample CNF-500, it is reasonable to conclude that the weak 
conduction is likely attributed to the limited portion of conductive phases within the junction of 
entangled PAN derived CNFs. Although the partial carbon conversion unavoidably occurs at the 
carbonization temperature of 500°C, the parallel resistance Rp at ~GΩ level indicates that the 
electrical conduction is impeded by the uncarbonized intermediate phases, while the low 
concentration of conducting phases has little effect in improving the electrical conduction. As the 
carbonization temperature increased to 600°C, apart from the reduction on both Rs and Rp, the 
capacitive element is deteriorated to a CPE with n value decreased from 1 to 0.7, calculated from 
the suppressed semicircle for sample CNF-600 presented in Figure 5.23. Similar Cole-Cole plot 
shape was reported by Wang et al. for 19wt% CB filled HDPE composite [98]. The high similarity 
of current data to the reported one confirms that there are still a substantial amount of 
uncarbonized phase existed within the PAN derived CNFs at such carbonization temperature. 
While the decrease in ID/IG ratio observed in Raman spectra (shown in from Figure 5.11 to Figure 
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5.16) indicates that the increasing concentration of graphitic layers. These observations suggest 
that the carbonization occurs at low carbonization temperatures is a rather complex and dynamic 
process, which likely involves the conversion between uncarbonized phase to 
carbonized/conducting phase concurrently associated with the conversion from amorphous 
carbon to crystalline carbon. With further increasing carbonization temperature to 700°C more 
severe deterioration of capacitive element can be observed, as n value of CPE is further decreased 
to 0.04. The n value here is approaching zero, whose contribution therefore can be approximated 
to a pure resistance qualitatively. The increasing concentration of conducting phases makes the 
capacitive element less dominant and the electrical conduction much significant. This is supported 
by observing newly formed inductive element in the Cole-Cole plot of sample CNF-700, implying 
the establishment of an electrical conduction network formed by bridging the conducting phases 
throughout the fibre. Thus, the inductance is a considered to be originated from the 
interaction/interference of numerous tangled PAN derived CNFs, as witnessed by SEM images. 
When the carbonization temperature reached to 800°C, only one parallel RpL circuit is observed, 
which is due to the very high concentration of conducting phases, while the uncarbonized 
intermediate phases are either vanished or reduced to a very small amount that is below the 
detecting limit of impedance spectroscopy.  
 
 
Figure 5.26 Qualitative illustration of showing the microstructural evolution during the 
carbonization process as a function of carbonization temperature. 
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 Summary 
In summary, with increasing carbonization temperature from 500 to 800°C, the Rs and Rp have 
decreased significantly from 2.49 kΩ and 0.91GΩ to 7 Ω and 52 Ω, respectively. In the meantime, 
the carbonized PAN NFs have transitioned from being insulating to electrically conducting in 
nature, and the subsequent equivalent circuit has changed from being RpC parallel circuit 
dominant to RpL parallel circuit dominant. With the assistance of SEM and Raman results, a 
microstructural evolution model is proposed to understand the progressive dielectric transition of 
PAN derived CNFs at different carbonization temperatures. The findings of this work have 
enlightened the possibility for impedance spectroscopy to be employed as a non-destructive 
technique to monitor the carbonization degree of carbon fibres during the industrial 
manufacturing process. The main part of the results presented in this chapter has been published 
in reference [112]. 
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6 Fabrication and Characterisations 
of CNWs-CNFs Hybrid Material 
 
 Morphology 
 
 
Figure 6.1 SEM image of electrospun PAN NFs. 
 
Figure 6.1 shows the morphology of the electrospun PAN NFs, which showed no sign of beads 
with average diameter (da) of 431 ± 67 nm. As summarized in Table 6.1, a gentle reduction on da 
from approximately of 431 to 409 nm after stabilisation process, while no significant change in 
the terms of the shape of the fibres was observed in in Figure 6.2.  
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Table 6.1 Summary of average diameter of PAN NFs heat treated at various conditions. 
Sample Figure No. Description da (nm) 
S-1 6.1 Electrospun PAN NFs 431 ± 67 
S-2 6.2 Stabilized PAN NFs 409 ± 46 
S-3 6.3 Furnace carbonized PAN NFs  347 ± 42 
S-4 6.4 MPECVD carbonized PAN NFs 362 ± 57 
S-5 6.5 
MPECVD grown CNWs on the 
surface layers of the CNFs 
1834 ± 228 
S-6 6.6 
MPECVD grown CNWs on the 
deeper layers of the CNFs 
392 ± 46 
 
 
Figure 6.2 SEM image of stabilised PAN NFs. 
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It was reported by Ko, who stated that the water vapour was evaporated during the stabilisation 
[78]. This could be the reason that responsible for the reduced da observed in sample S-2. Along 
with the colour change from white to dark brown after stabilisation evidenced in Figure 3.4, the 
infusible ladder like polymer structure was likely established within the stabilised PAN NFs [74, 
113-115].  
 
To further confirm this point, no melting was observed in the carbonized PAN NFs fabricated 
from two different methods: conventional furnace in Figure 6.3 and microwave plasma enhanced 
chemical vapour deposition (MPECVD) in Figure 6.4.  
 
 
Figure 6.3 SEM image of carbonized PAN NFs by using conventional furnace. 
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Figure 6.4 SEM image of bottom side of carbonized PAN NFs by using MPECVD. 
 
It can be seen that da was decreased from approximately 409 to 347 nm in Figure 6.3 observed 
for the furnace carbonized PAN NFs (S-3). In the case with MPECVD carbonized PAN NFs (S-
4), fibre diameter was found decreasing from 409 to 362 nm in Figure 6.4. It is a general 
knowledge that during the carbonization process, the non-carbon substances were evolved in the 
form of various gases, hence leaving the carbon content only within the fibres [55]. More 
specifically, Donnet and Bahl noticed the amount of the evolved gas during the carbonization 
process was increased with increasing carbonization temperature [77]. Ko found the concentration 
of non-carbon elements, H2, O2 and N2 within the carbon fibres were decreased with increasing 
carbonization temperature, while carbon content was increased [58]. It was noticed that the fibre 
diameter reduction on S-3 was more serve than S-4. Similar observations were reported by other 
authors, who stated that the smaller diameter was resulted from higher carbonization temperature 
[74, 76]. Thus, it is reasonable to speculate that the fibre reduction difference in current study 
might implies the slight temperature difference between the one used in MPECVD and in 
conventional furnace. Nevertheless, the temperature difference might not be the only reason 
responsible for it. The other factors, such as different physical and chemical nature of these two 
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carbonization processes can also be considered as alternative reason to lead the fibre discrepancy 
between sample S-3 and S-4.  
 
 
Figure 6.5 SEM image of top side of carbonized PAN NFs with CNWs grown by 
MPECVD. The closer view of CNWs grown on the top side captured at higher 
magnification is inserted as an inset. 
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Figure 6.6 SEM image of bottom side of carbonized PAN NFs with CNWs grown by 
MPECVD. The closer view of CNWs grown on the bottom side captured at higher 
magnification is inserted as an inset. 
 
As shown in Figure 6.5 and Figure 6.6, by using MPECVD method apart from the carbonization 
of stabilised PAN NFs in Figure 6.4, layers of carbon species were found deposited on the 
carbonized PAN NFs. The carbon species obtained in this study has been reported elsewhere [104, 
116-119], known as carbon nanowalls (CNWs). In Figure 6.5, it can be seen that CNWs were 
radically grown perpendicular to the carbonized PAN NFs. Zhu et al. reported that in order for 
the vertical growth of carbon nanosheet (CNS) to occur, the planar nucleation followed by the 
growth of base layer parallel to the substrate surface was taken place first within 2-4 min [120]. 
The thickness of the base layer was reported to be 1-15 nm [120]. Wang et al. revealed that the 
CNS with the thickness of less than 1 nm was consisted of two to three graphene layers, by using 
TEM [121]. In this regard, the CNWs grown at given condition with rough thickness of 6-10 nm 
estimated from the inset of Figure 6.5 contain at least 18-30 layers of graphene. Hiramatsu and 
Hori pointed out that the thickness of the CNWs increased with increasing deposition time [119].  
Thus growing CNWs with lesser graphene layers should be readily obtained by decreasing the 
deposition time [119]. By carefully varying other processing parameters, such as gas reactant ratio, 
pressure, substrate conditions, the length and the height of CNWs can also be controlled [83, 122].  
As the substrate material, CNFs carbonized from non-woven electrospun PAN NFs mat which 
possessed porous structure. The CNWs formed in Figure 6.5 look distinctively different from the 
one shown in Figure 6.6, whereas no grown CNWs observed at the bottom side of the sample 
which was in contact of sample holder, as shown in Figure 6.4. Similar trend was previously 
reported by Lisi et al., who referred this phenomenon as “infiltration” process [91]. It was found 
that with increasing the depth in the direction from substrate surface to the bottom, the thickness 
of CNWs was decreased significantly [91]. As shown in the inset of Figure 6.6, the dimension of 
the CNWs is extremely small, and appeared to be similar to the ones observed at the early stage 
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growth of CNWs [120]. The difference in the obtained morphology between the CNWs grown on 
the substrate surface and on the deeper area towards to the bottom shown in Figure 6.7. This 
reflected the ability of plasma to penetrate into the CNFs non-woven mat at the given condition. 
Growing CNWs on porous materials may offer a new way to harvest CNWs with different 
dimensions and quality. In addition, the deeper investigation on the transition region may provide 
more insights regarding to the formation of CNWs on CNFs, which will be carried out in the 
further work.  
 
 
Figure 6.7 Schematic diagram of morphological change of grown CNWs by MPECVD 
with depth change from the sample surface to the bottom. 
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 Functional Groups 
FTIR spectra of PAN NFs treated with various heat treatments are shown in Figure 6.8. Similar 
functional groups of electrospun PAN NFs observed in Figure 5.10 were also noticed in the 
current case.  
 
 
Figure 6.8 FTIR spectra of PAN NFs treated with various treatments: (a) electrospun 
PAN NFs, (b) stabilised PAN NFs, (c) furnace carbonized PAN NFs, (d) MPECVD 
carbonized PAN NFs, and (e) MPECVD grown CNWs on CNFs.  
 
As summarized in Table 6.2, the characteristic peaks observed in the current electrospun PAN 
NFs (sample S-1)including nitrile group (C≡N) located at 2242 cm-1, the aliphatic CH groups (CH, 
CH2 and CH3) appeared at 2937 cm-1, 1453 cm-1, 1359 cm-1, and 1252 cm-1 [73, 123, 124], are 
shown Figure 6.8(a). In addition, a small peak appeared at 1666 cm-1 corresponding to C=O bond, 
is thought to be originated from the residual DMF due to the insufficient solvent evaporation 
during the electrospinning of PAN NFs [125]. 
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Table 6.2 Assignment of main FTIR peaks of PAN NFs treated with various heat 
treatments. 
Sample 
FTIR peak position (cm-1) 
C≡N 
C-H  
stretching 
C-H 
vibrations 
C=O 
C=N, 
C=C, 
N-H 
C=C-H 
S-1 2243 2937 
1453, 1359, 
1252 
1666 - - 
S-2 2227 - 1360, 1247 1710 1582 805 
S-3 - - - - - - 
S-4 - - 1259 - 1574 - 
S-5 - - - - - - 
 
After stabilisation, the formation of ladder structure discussed in section 6.1 for Figure 6.2 was 
supported by observing following changes in Figure 6.8(b): significant intensity reduction on 
C≡N and aliphatic CH groups; and the emergence of new peaks at 1710, 1582 and 805 cm-1 
assigned to C=O, a mix of C=N, C=C and N-H groups, and C=C-H, respectively [126]. These 
dramatic changes observed in the stabilised PAN NFs (sample S-2) implied the onset of a series 
of chemical reactions, cyclization, cross-linking, dehydrogenation, as well as oxidation during the 
stabilisation process [73, 114].  
 
By subsequently carbonizing the stabilised sample S-2 in the conventional furnace, few functional 
groups can be resolved in Figure 6.8(c). This implied the formation of turbostratic structure in 
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the furnace carbonized PAN NFs, sample S-3. In contrast, there are still two broad bands centred 
at 1574 and 1259 cm-1 observed in Figure 6.8(d). Similar appearance of FTIR bands was observed 
in the furnace carbonized PAN NFs with low carbonization temperature of 600 °C in Figure 6.10. 
The high similarity between these two cases implied that the MPECVD carbonized PAN NFs 
(sample S-4) is likely possessing the more structural disorders compare with sample S-3. This 
indirectly supported the speculation made from SEM observations that, the lower temperature 
was likely involved with the carbonization process taken place in MPECVD chamber in the 
comparison with the conventional furnace. On the other hand, very few functional groups can be 
seen on the surface layers where exposed to the plasma (sample S-5) during the carbonization 
process via MPECVD in Figure 6.8(e), as illustrated in Figure 3.7. The difference observed 
between S-4 and S-5 suggested that the grown CNWs are likely composed of structures with a 
high ordering level in sample S-5, while S-4 was thought associating with more structural 
disorders.  
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 Chemical Structure 
The electrospun PAN NFs without any heat treatment exhibited a featureless Raman spectrum, 
which is observed in Figure 6.9. This observation agrees with the reported literatures [104, 106]. 
The featureless appearance observed in sample S-1 implied that the resulted PAN NFs lacking 
ordered arrangements of PAN molecules [104, 106]. It was reported that electrospinning 
technique tend to yield electrospun PAN NFs with low crystallinity, due to following reasons: (i) 
insufficient crystallization time of PAN molecules before the solvent vaporization; and (ii) the 
fibre structure frozen-in occurred within a very short in-flight time of the charged jet which is 
about 1 ms [127]. 
 
Figure 6.9 Raman spectrum of electrospun PAN NFs (sample S-1). 
 
Figure 6.10 shows the PAN NFs after the stabilisation. It can be seen that there are two main 
bands observed at 1357 cm-1, and 1571 cm-1, respectively. The former corresponds to D peak 
which is associated with disordered turbostratic structures; whereas the latter corresponds to G 
peak which is attributed to the ordered graphitic structures [74]. The Raman peak position of D 
peak and G peak observed sample S-2 was in agreement with the results by Zhang et al., who 
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reported the D peak and G peak positioned at 1370 cm-1 and 1580 cm-1 in the stabilized PAN NFs 
under the conditions of 300 ˚C for 30 min [114]. It is commonly known that the intensity ratio of 
of D peak (ID) and G peak (IG), denoted as R-value, can be used to correlate the balance among 
the disorder and crystalline character within the carbon materials (i.e. higher R-value indicates 
lower crystallinity) [124, 128, 129]. In addition, the crystallite size of graphitic structure, La can 
be obtained by empirical equation shown in Equation 3.3 [87]. As summarized in Table 6.3, the 
R-value calculated for the stabilised PAN NFs (sample S-2) was around 2.40.  
 
 
Figure 6.10 Raman spectrum of stabilised PAN NFs (sample S-2). 
 
Figure 6.11 shows the Raman spectrum of the furnace carbonized PAN NFs (sample S-3). It can 
be seen that both D band and G band are present with the reduction of R-value from approximately 
2.40 to 1.29. The decrease in R-value suggested that the increased crystallinity of the carbon 
structures was developed through the carbonization process. The crystallite size of La calculated 
for sample S-3 was ~4.51 nm. In addition, there is a broad band cantered at 2814 cm-1 assigned 
to G’ [81]. 
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Figure 6.11 Raman spectrum of furnace carbonized PAN NFs (sample S-3). 
 
Figure 6.12 shows the Raman spectrum of the MPECVD carbonized PAN NFs (sample S-4). By 
comparing the Raman spectra of sample S-3 and sample S-4, it can be observed that the position 
of D peak, G peak and G’ peak were shifted from 1351 cm-1, 1577 cm-1, and 2814 cm-1 to 1338 
cm-1, 1584 cm-1, and 2793 cm-1. It was reported that the decrease in the graphitization degree of 
the resulted carbon materials led to the increase in the wavenumber of G peak [130]. In the 
meantime, the larger R-value of ~1.70 was obtained in sample S-4, confirming that resulted CNFs 
from PAN NFs by using MPECVD at given condition possessed low degree of crystallinity. The 
calculated La sample S-4 was 3.42 nm.  
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Figure 6.12 Raman spectrum of MPECVD carbonized PAN NFs (sample S-4). 
 
Figure 6.13 shows the Raman spectrum of the CNWs grown on surface layers of CNFs by using 
MPECVD. It can be seen that with the CNWs grown on the surface layers of CNFs shown in 
Figure 6.5, all three peaks were shifted to the lower wavenumbers at 1328, 1581 and 2664. In 
addition, the sharpness of all peaks were greatly improved. This is particularly obvious for G’, 
which transformed from a broad band into a well-defined peak. It was reported that the second-
order Raman peak around at 2664 cm-1 observed for the highly ordered structure [83]. The highly 
ordered structure is normally associated with very small R-value [131]. R-value obtained for 
sample S-5 was 0.66, in turn yielded La of 9.30 nm. It should be mentioned that the CNWs 
normally associated with D’ appeared at 1620 cm-1 [83, 122]. The very high noise to signal ratio 
made the determination of such peak impossible in the current study. Although the peak fitting 
was not performed on D’ peak, it is not ruling out the possibility that the presence of D’ peak was 
vague by the high noise to signal ratio. By using the same method in our previous investigation, 
such peak was resolved along with other second-order Raman features under the Raman 
spectroscopy which was radiated by using excitation wavelength of 532 nm [104].  
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Figure 6.13 Raman spectrum of CNWs grown on surface layers of CNFs by using 
MPECVD (sample S-5). 
 
 
Figure 6.14 Raman spectrum of CNWs grown on deeper layers of CNFs by using 
MPECVD (sample S-6). 
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As explained in section 6.1, the plasma penetrated into the deeper layers of non-woven PAN NFs 
mat during the carbonization in the MPECVD chamber, given by the porous nature of the 
substrate material. This led to the formation of CNWs with different smaller dimension as shown 
in Figure 6.6. Figure 6.14 shows the Raman spectrum of deeper layers of CNFs by using 
MPECVD (sample S-6). By comparing to the Raman spectrum of the grown CNWs on surface 
layers, no significant change in terms of peak positions was found in S-6. However, the R-value 
was increased significantly from 0.66 to 1.57, implying that the crystallinity of the material was 
decreased. The resulted La in sample S-6 was estimated to be 3.72 nm. On the other hand, the R-
value is in fact smaller than the one obtained for sample S-4, which was also carbonized in 
MPECVD chamber with no grown CNWs was found. The change on the R-value in such fashion: 
S-4>S-6>S-5, confirms the “infiltration” process observed by SEM. Also demonstrated at given 
MPECVD processing conditions, the penetration depth is limited. Furthermore, the CNWs grown 
on the CNFs by MPECVD method is considered having high ordered structure. Even by growing 
a small amount of CNWs on the CNFs which had much lower crystallinity, the overall 
crystallinity of the hybrid materials was greatly improved.   
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Table 6.3 Assignment of main Raman peaks of PAN NFs treated with various treatments. 
vD, vG, vG’ are the Raman peak position of D peak, G peak, and G’ peak, respectively. ID/IG 
represents R-value, is the intensity ratio of D peak to G peak. La, graphitic crystallite size, 
is the ratio of 5.8 nm and the R-value. 
Sample vD (cm-1) vG (cm-1) vG’ (cm-1) ID/IG La (nm) 
S-1 - - - - - 
S-2 1357 ± 7 1571 ± 5 - 2.40 ± 0.15 2.42 ± 0.16 
S-3 1351 ± 8 1577 ± 2 2814 ± 25 1.29 ± 0.05 4.51 ± 0.19 
S-4 1338 ± 1 1584 ± 7 2793 ± 2 1.70 ± 0.04 3.42 ± 0.09 
S-5 1328 ± 3 1581 ± 2 2664 ± 4 0.66 ± 0.17 9.30 ± 2.88 
S-6 1326 ± 3 1590 ± 3 2654 ± 5 1.57 ± 0.12 3.72 ± 0.29 
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 Electrochemical Characterisations 
The capacitive behaviour of both CNFs and CNWs-CNFs was characterised by using cyclic 
voltammetry (CV). The CV curves of CNFs and CNWs-CNFs in 0.5M H2SO4 solution at five 
various scan rate ranging from 5 to 100 mV are shown in Figure 6.15 and Figure 6.16, 
respectively.  
 
Figure 6.15 C-V curve of furnace fabricated CNFs in 0.5 M H2SO4 at different scan rates 
of 5, 10, 20, 50, and 100 mV at a voltage range from 0 to 0.9 V. 
 
It is known that ideal capacitor electrode material exhibiting CV curve in a rectangular shape [132, 
133]. The small deviation from the perfect rectangular shape associated with weak redox peaks 
around 0.5 V observed in Figure 6.15 and Figure 6.16, indicating that both CNFs and CNWs-
CNFs exhibited pseudo-capacitive behaviour in the testing environment. The presence of redox 
peaks due to oxidation/reduction reaction in carbon materials was previously attributed to the 
presence of functional groups [134]. As reported by Ra et al., who discovered that the PAN NFs 
carbonized at 1000 °C still contained a fraction of oxygen and nitrogen contents [135]. It is known 
that the carbonization temperature used in the current investigation was lower than 1000 °C. In 
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this case, it is reasonably to think that the pseudo-capacitive behaviour observed in current two 
cases are functional groups also related. As there is no significant difference between the CV 
curve of CNFs and CNWs-CNFs at the scan rate in terms of size and shape. It is thus unlikely to 
be able to conclude the efficiency of the electrode performance solely based on the CV results. 
 
 
Figure 6.16 C-V curve of MPECVD fabricated CNFs in 0.5 M H2SO4 at different scan 
rates of 5, 10, 20, 50, and 100 mV at a voltage range from 0 to 0.9 V. 
 
To determine the specific capacitance of both carbon materials, the charge-discharge experiment 
was carried out with current density of 0.4 A g-1 in the voltage range of 0-9V. As indicated in 
Figure 6.17, the specific capacitance at current density of 0.4 A g-1 of CNFs and CNWs-CNFs 
were measured to be approximately 200 and 250 F g-1. This CNFs with CNWs exhibited higher 
specific capacitance with approximately of 50 F g-1. It should be mentioned that the CNWs-CNFs 
that was investigated by electrochemical characterisation was not optimized. The optimization of 
CNWs-CNFs hybrid materials by MPECVD towards to the electrochemical performance will be 
carried out in the future work.  
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Figure 6.17 Cycle life of CNFs and CNWs-CNFs in the voltage range from 0 to 0.9V.  
 
 Summary 
In summary, MPECVD can be applied as an alternative method to carbonized PAN NFs in order 
to fabricate CNFs. SEM, FTIR, Raman, CV and charge-discharge measurements were employed 
to study the PAN NFs at different stages of evolution. It was found that the furnace carbonized 
PAN NFs exhibited larger diameter shrinkage compared with the MPECVD-carbonized PAN 
NFs. The fibre diameter discrepancy was attributed to the temperature, the chemical and physical 
nature of two different methods. FTIR spectra indicate that the furnace carbonized PAN NFS show 
few functional groups, whereas weak broad bands refer to C-H vibrations and a mix of C=N, C=C, 
N-H were noticed in MPECVD-carbonized PAN NFs. An additional coating of CNWs was 
formed on the surface layers of MPECVD-carbonized PAN NFs without the application of 
metallic catalyst. In addition, it was noticed that dimension of the grown CNWs were varied with 
the depth of the sample. The Raman spectra of CNWs-CNFs were discussed in details. 
Electrochemical characterisation indicated that CNWs-CNFs possessed higher specific 
capacitance in comparison to the furnace carbonized PAN NFS. The work presented here 
developed a novel, economical and straightforward approach towards mass production of carbon 
163 
 
fibrous materials containing CNWs, which potentially can be applied in the supercapacitor 
applications. Similar work has been published in reference [104].   
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7 Conclusions and Future Work 
 
 Conclusions 
Three main topics of the project were discussed in the thesis, they were electrospinning of PAN 
NFs, fabrication and characterisation of CNFs, and fabrication and characterisation of CNWs-
CNFs hybrid materials.  
 
In the first main topic, the detailed investigation of four parameters, including voltage, TCD, Q 
and C were studied. It was found that with fixed C of PAN solution at 12 wt%, the optimized 
processing parameters were established to be 16 kV, 14 cm, and 1.5 mL/h. At given condition, 
the resulted fibres were bead free with fibre diameter ranging from approximately 236 to 255 nm, 
which were obtained from five individual experiment and carried out in the different days with 
different deposition duration. The good reproducibility and long stability of the optimized 
processing parameters were confirmed by the small fibre diameter variation. In the process of 
searching optimized processing parameters, no regular pattern was found between fibre diameter 
with voltage, or with Q. While with different TCD, it was found that at TCD of 5 cm while voltage 
and Q were maintained at 16 kV and 1.5 mL/h, the fused and beaded fibres were formed. With 
increasing TCD to 30 cm, the resulted fibre with relatively good uniformity. The diameter was 
generally decreased while fraction of deposition area per SEM image was also decreased. These 
changes were attributed to the longer stretching distance and weaker attractive electrostatic force, 
respectively. On the other hand, it seemed that the voltage and Q have very direct impact on the 
formation of beads within the electrospun fibres. By increasing voltage with magnitude larger 
than 16 kV while maintained voltage of 15 cm and 1.5 mL/h constant, only beaded fibre formed. 
It is also found that minimum Q was required in order to generate smooth fibres, and this 
minimum value was varied with other parameter. For instance, the minimum Q with TCD of 14 
cm (1.5 mL/h) was smaller than the one with 10 cm (2.5 mL/h). The formation of beads observed 
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in the current investigation can be generally attributed to the mass imbalance between the solution 
consumption from solution drop at the needle tip in order for the ejected jet to collector and 
delivered solution from the polymer solution supply from the syringe pump.  To avoid the 
formation of the beads if only processing parameter was tuned, the consistency between the rates 
of these two processes need to maintain. It was witnessed that the electrospray was shifted to 
electrospinning with increasing C from 2 to 16 wt%, while the processing parameters were fixed 
on the optimized values. The break up of the fluid jet at low C region from 2 to 6% with the 
formation of beads only was attributed to the poor polymer chain entanglement. By increasing C 
to 16 wt%, either beaded fibres or smooth fibres with increasing diameters were observed. The 
morphological transition indicated that the strong viscoelastic force generated by the enhanced 
polymer chain entanglement to resist the fibre jet breakage. In the investigation of C, smallest 
bead-free fibres was approximately 248 nm obtained at 12 wt% PAN concentration whereas 16 
wt% PAN concentration led to the thickest diameter with diameter of approximately 480 nm. 
However, the solution quickly dried out at the needle tip for solution concentration at 16 wt% was 
observed. 
 
In the second main topic, the fabrication of CNFs by using the electrospun PAN fibres with 
various carbonization temperatures, ranging from 500 to 1000 °C was conducted by using 
conventional tubular furnace. It was found that by increasing carbonization temperature, SEM 
revealed that fibre diameter was decreased progressively from 260 to 187 nm, while the graphitic 
crystallite size was increased from 2.62 to 5.24 nm indicated by Raman. In addition, the functional 
groups were also progressively disappeared on the FTIR spectra. Furthermore, evolution of 
extracted electrical circuit from impedance results for CNFS with increasing carbonization 
temperature, which was correlated to the proposed microstructural evolution. The findings of this 
work has demonstrated the possibility for impedance spectroscopy to be applied as a non-
destructive technique to monitor the carbonization degree of CNFS during the industrial 
manufacturing process [112].  
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The work involved in the third main topic of the project was to develop a novel, economical, and 
straightforward approach to mass production of CNWs-CNFs hybrid materials. The direct growth 
of CNWs while the carbonization of PAN NFs with da of 431 ± 67 nm by MPECVD using 800W, 
40 Torr in the CH4/H2 (10:90) plasma for 30 min led to the formation of CNWs-CNFs hybrid 
materials. It was noticed that the size of the grown CNWs on surfaces of PAN derived CNFs was 
decreased with increasing depth towards to the bottom of the hybrid material. The size change of 
the grown CNWs on the CNFs was attributed to the plasma penetration depth into the non-woven 
PAN NFs mat. The thickness of the CNWs was estimated to be 6-10 nm. By consulting literature, 
the thickness of the CNWs was consisted of 13-30 graphene layers. The method for the fabrication 
of CNWs-CNFs developed in this project associated with less fabrication procedures compared 
with published literature. In addition, by comparing the conventional furnace produced CNFs 
with CNWs-CNFs fabricated by using MPECVD, the later sample exhibited better supercapacitor 
property by showing higher specific capacitance in the charge-discharge measurement.  
 
 Future Work 
There will be three directions can be further pursued as the continuation of the current project. As 
inspired by the one of the publications regarding to the using femtosecond laser on single 
crystalline diamond [136], the fabrication of micropatterns from PAN derived CNFs can be 
pursued to fabricate carbon MEMS devices, as an extension of first two topics of the project. The 
second direction can use MPECVD technique to fabricate CNFs hybrid material with other carbon 
species, such as diamond, CNTs, and etc. In addition, to explore the application of newly 
developed carbon hybrid materials in wide variety of applications, particularly, in biomedical 
applications. The third direction is to investigate the supercapacitor performance of various 
carbon nanomaterials. The correlation between the fabrication parameters and the properties will 
be subsequently studied.  
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